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1 INTRODUCTION 
Metallic manganese (Mn) and its alloys have attracted the attention of researchers on coatings 
for steel products since almost a century, due to their combination of good sacrificial corrosion 
protection and suitable mechanical properties [1][2][3]. Recently, Mn became also in the focus 
as constituent of biodegradable iron(Fe)-based alloys. It has been found to support a good 
balance between corrosive degradation and mechanical integrity, which is necessary for 
implant applications [4][5].  
In recent years, besides Magnesium(Mg)-based systems as biodegradable metals and in 
particular Fe-based materials have been subjected to intense investigation [4][5][6]. In addition, 
Fe and Fe-based alloys have been considered as an option in transient electronic devices 
[7][8]. Transient technology is an emerging field in the area of electronics that is focused on 
the development of biodegradable, bioresorbable, biocompatible and environmentally friendly 
electronic devices for a variety of applications such as biomedical, secure medical memory 
devices and environmental sensors [9]. Typically, these devices consist of an electronic 
circuitry made of oxides such as magnesium oxide or silicon dioxide acting as a gate/interlayer 
dielectrics or zinc oxide, a semiconductor material [9][10]. A common aspect of these materials 
is that they degrade into ions and products that are compatible with the human body. The 
circuitry is usually patterned on biodegradable polymer substrates, which can be engineered 
to be conductive depending on the device design [11]. However, a major drawback using 
polymeric supports in transient electronic devices is their poor mechanical stability and low 
conductivity. Alternatives to polymeric substrates are biodegradable metals, in particular 
metals that consist of elements existing in the human body. Biodegradable metals have a 
potential application in transient technology, for which the key point is to use materials capable 
of disappearing with minimal or non-traceable remains after the period of stable operation 
[7][9]. However, biocompatibility is directly affected by the degradation properties, and pure Fe 
shows some disadvantages in this regard. The formation of oxide layers during the corrosion 
process inhibits the dissolution of the material, which is undesirable for its potential in transient 
technologies [7][12].  
A common method to increase the dissolution rate is alloying Fe with other more reactive 
elements. Mn has been proposed by different authors as an alloying element for two reasons  
[12][13][14]: (1) it has a much more negative standard electrode potential (E0Mn/Mn2+ = -1.18 V) 
than Fe (E0Fe/Fe2+ = -0.44 V) and thus, enhanced corrosion is expected; (2) it is an essential 
trace element for human health. In addition, in order to use these metallic alloys in the medical 
field, their magnetic properties have also to be adapted. Regarding magnetic resonance 
imaging (MRI) which is nowadays commonly used as a medical examination technique, the 
materials should have a low magnetization in order to decrease the risk to health due to 
magnetic-induced heating [15]. Accordingly, FeMn-based compounds could be considered as 
interesting new materials for parts of biodegradable electronic devices, as e.g. packaging 
layers, which form part of the transient technologies [8].  
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In the literature, different approaches to obtain bulk FeMn-based alloys have been proposed 
and their mechanical performance and biodegradability were analysed [4]. But for transient 
electronics, synthesis techniques to obtain thin or thick films are required as, for example, 
electrodeposition or magnetron co-sputtering. Both techniques offer environmentally 
sustainable preparation conditions and each technique has different advantages, which make 
them two promising methods to obtain FeMn films. Magnetron co-sputtering is a plasma high 
vacuum coating technique that can produce dense and uniform metal films with controlled 
composition, and without the risk of delamination [16]. Nevertheless, the thickness of those 
films is limited (i.e. in the submicron scale) and typically deposition takes place onto planar 
smooth substrates with low growth rates. In addition, the necessity of a vacuum system 
increases the production costs. Previous studies have reported the synthesis of good quality 
FeMn films by magnetron co-sputtering [15][17] which can be applied, for example, as 
antiferromagnetic layers in spin valve systems (Fe50Mn50) [18].  
Electrodeposition stands out from other techniques to grow continuous or patterned metallic 
films for involving several advantages: simple set-up; cost effective; deposition can be 
performed onto a wide variety of substrates shapes; easy operation; it works at ambient 
pressure; high deposition rates and the possibility to obtain thin or relatively thick 
homogeneous layers (from nm to hundreds of µm). Electrodeposition is based on the formation 
of a metallic coating on a conductive substrate through the electrochemical reduction of metal 
ions, which are present in the electrolytes. However, the electrodeposition of elements such 
as Fe and Mn occurs at very negative electrode potentials, which makes their plating 
significantly challenging. Electroreduction of these elements in an aqueous electrolyte is 
accompanied with undesired side reactions such as water decomposition. Using organic 
electrolytes has been proven to be effective in the electrodeposition of FeMn layers and to 
circumvent the problems of electrolyte decomposition [19]. However, avoiding the use of 
organic electrolytes minimizes risky health-affecting organic residues and helps to keep the 
procedure sustainable.  
Nowadays, integrating sustainability with technological progress is becoming one of the major 
challenges in modern society. The reason that pushes this challenge is the risk of reaching a 
critical point where technological advances will not be possible due to the imbalance between 
demand and availability of natural resources. This future problem motivated the establishment 
of SELECTA (Smart ELECTrodeposited Alloys for environmentally sustainable applications: 
from advanced protective coatings to micro/nano- robotic platforms), a project focused on the 
“green” electrochemical synthesis and characterization of metallic alloys and micro/nano-
robotic platforms (SELECTA-ETN 642642, Annex-1, part B) [20]. 
Reaching this “green” goal within the area of electrodeposition represents a challenge, 
especially when we talk about Mn electrodeposition since scarce or toxic substances are still 
needed to obtain films with a good quality [21][22]. In general, main objectives of SELECTA 
which are related to the “green” development of electrolytes and to adopt a sustainable 
approach, environmentally friendly and minimally invasive electrolytic baths without scarce or 
toxic materials were designed following several compositional restrictions. For the present 
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work, only two of them were applicable. Restriction 1: avoid the use of rare-earths and noble 
metals, considered critical raw materials by the European Union due to the high demands from 
industry combined with the risk to the supply [23]; Restriction 2: avoid the use of highly toxic 
metals and avoid (or minimize) the use of hazardous chemicals, in particular those considered 
substances of high concern stipulated by the European Chemical Agency as Cr (VI), Cd and 
Pb salts, cyanides or concentrated acid [24]. 
Due to the scarce studies devoted to the electrodeposition of the FeMn system and the lack of 
detailed and systematic studies, the aim of this work is to investigate the feasibility of 
electrodeposition of FeMn-based films from sulphate-based aqueous electrolytes without and 
with additives. As well as to assess the impact of the electrodeposition parameters on the 
structural, morphological and magnetic properties of the obtained films. This comprises also 
the development of an experimental set-up that fulfils the appropriate conditions and the 
optimization of the electrolyte following a sustainable approach. With view to possible 
application of FeMn-based films in transient devices, their corrosion behaviour in chloride-
containing solution and their cytotoxicity are also evaluated. In addition, a set of magnetron co-
sputtered films were synthesized and deeply characterized in order to have a reference 
material to which we can compare the results since studies of this nature in electrodeposited 
FeMn thin films are scarce. To the author’s best knowledge there are only few studies reporting 
results related to the corrosion properties of sputtered FeMn thin films besides our work 
[15][17]. 
Furthermore, electrochemical manufacturing processes such as electrodeposition, electroless 
or galvanic displacement have proven to be versatile techniques to grow components in 
miniaturized robotic platforms that can be further used for environmental healing applications 
[25][26][27][28][29][30][31]. In the present work, besides the potential applications of FeMn-
based thin films in the biomedical field, template-assisted electrodeposition is performed to 
obtain FeMn-based microrobots, a promising alternative to platinum(Pt)-based chemically 
powered microrobots. Pt-based microrobots have attracted a great attention in the last few 
years for biomedical and environmental applications and the majority of these devices are 
typically driven by the decomposition of hydrogen peroxide occurring at the surface of these 
machines [32]. But Pt is a very costly metal and thus, it is desirable to find alternative materials 
with the same activity but which are economically viable. Mn-based micromotors were 
proposed as an alternative material recently [25][33] and a wide variety of micromotors based 
on FeMn have been processed in the last years [26][34][35][36][37]. However, long-time 
fabrication processes with multiple steps were needed and besides, supporting-processes 
were required to make the polymeric membrane acting as the working electrode conductive. 
Therefore, a facile one-step template-assisted cathodic electrodeposition process is presented 
in this work to manufacture these micromotors following the above restrictions. 
  
1 INTRODUCTION 
 
4 
 
2 STATE OF RESEARCH 
 
5 
2 STATE OF RESEARCH 
2.1 FUNDAMENTALS OF ELECTRODEPOSITION 
Electrodeposition is an inexpensive method that uses electric current to reduce dissolved metal 
cations so they can form a metal coating as well as microstructures from a few nm to tens of 
mm thickness on an electrode [38]. Besides the production of metallic coatings, 
electrochemical metal reduction is a well-known technique also used for decorative 
applications (electroforming) as well as deposition of semiconductors and oxides, or extraction 
of metals starting from their ores (electrometallurgy) [16][38]. 
2.1.1 Electrochemical reduction 
Electrochemical reduction is an electrochemical process which occurs at the interface between 
two phases (i.e. solid-liquid), the electrical conductor and the electrolyte and leads to the 
growth of a metallic layer on the surface of a conductor [39][40]. This electrical conductor is 
known as electrode, which is used to make contact with a non-metallic part of a circuit, here, 
the electrolyte. The electrolyte is an ionic conductor, where the chemical species containing 
the metal of interest are dissolved into a suitable solvent, most often water, which can be 
reduced or oxidized at the electrode surface [38][40]. When a conductive electrode (metal) is 
immersed in an electrolyte that contains metal ions (Mz+), the electrochemical system tends to 
reach an equilibrium with the metal ions according to the following reaction, being M the metal 
in its reduced state: 
Mz+ + ze− ⇌ M                                                         (2.1) 
The equilibrium state of the metal redox reaction is described by the equilibrium potential (Eeq) 
through the Nernst equation, which relates the activities of the species involved with the 
electrode potential, Eeq, of the reaction and its standard electrode potential, E
0, which is the 
value of the potential relative to the standard hydrogen potential when the activity values of all 
species are the unity: 
Eeq = E
0 +
RT
zF
· ln
aM
aMz+
                                                 (2.2) 
where R is the universal gas constant, T is the temperature, z is the number of electrons 
involved in the reaction, F is the Faraday’s constant and aM & aM
z+ are the activity of the 
reduced metal and metal ions in the electrolyte, respectively [40]. When the electrochemical 
system is moved from its equilibrium state, a new magnitude is defined, the overpotential. The 
overpotential, η, is defined as the deviation of the electrode potential from the equilibrium 
potential under an external current flow, due to the inhibition of the electrochemical reaction: 
 η = E − Eeq                                                         (2.3) 
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Its sign is determined by whether E is greater or less than Eeq and determines whether the 
reaction is cathodic (reduction, η is negative) or anodic (oxidation, η is positive). This indicates 
the direction of the reaction (2.1), which is directly affected by the polarization of the electrode. 
In practical metal deposition processes, the overpotential may range from few mV to more than 
2 V. Its value determines the rate of the process and to a large extent the structure and the 
properties of the deposit. According to the value of the overpotential, metals can be classified 
in three groups: those which have high overpotential values, intermediate or low. Metals 
deposited at high overpotentials usually present a fine-grained morphology compared with 
those deposited at intermediate or low overpotentials. However, this is only valid when the 
metal ions are not forming complexes in solution. If metal ions forming complexes are present 
in the electrolyte, it is possible that the value of η changes as well as the characteristic of the 
film morphology [38][41][42]. 
At the equilibrium potential, the system is found in a dynamic equilibrium. This means that a 
continuous exchange of charge carriers through the interface between the electrode and the 
electrolyte takes place. From the flux of charges, a corresponding current density, j, is 
generated and the electrode kinetics can be described by the Butler-Volmer equation [40]: 
j = j0 {exp [
βzFη
RT
] − exp [−
(1−β)zFη
RT
]}                                        (2.4) 
Where j0 is the exchange current density and β is the asymmetry parameter. At the conditions 
of equilibrium, the nett current is zero. The two partial currents belonging to the transfer of 
electrons from the electrolyte to the electrode (cathodic current, Mz+ + ze- → M) and from the 
electrode to the electrolyte (anodic current, M → Mz+ + ze-) are equal, and have the magnitude 
of the so-called exchange current density, j0. The different currents are graphically represented 
in Figure 2.1. 
 
Figure 2.1 Graphical representation of the anodic and cathodic current and the Butler-Volmer 
equation (eq. 2.4) for β=0.5. 
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For an absolute value of the overpotential higher than RT/zF (|η| >> RT/zF), the smaller values 
of the anodic and the cathodic current density can be neglected. Hence, for the cathodic 
current, η is negative, and if η << -RT/zF the anodic current can be neglected and the total 
current can be written as: 
j = −j0 · exp (−
βzFη
RT
)                                                (2.5) 
And taking logarithms to the base 10, the following equation is obtained: 
η = {
2.303RT
βzF
} · log10 j0 − {
2.303RT
βzF
} · log10|j|                            (2.6) 
which has the form: 
η = A + B · log10|j|                                                   (2.7) 
This semilogarithmic equation is known as Tafel equation. The value of B is known as the Tafel 
slope [40][43]. 
The last expressions assume an equal concentration of metal ions at the metallic electrode 
surface and in the bulk electrolyte. This is only valid when the mass transport towards the 
electrode is faster than the charge transfer processes. However, in electrochemical systems it 
is often the opposite case, the charge transfer processes are extremely fast in comparison with 
the mass transport of the reactants [40]. The reduction of the metallic ions at the electrode 
surface may lead to the formation of a metallic layer on the electrode. This will be explained in 
the section 2.1.3. 
2.1.2 Charge transfer and mass transport 
To start the electrodeposition process, firstly, the ions must be transported to the electrode 
surface from the bulk electrolyte and different characteristic regions can be distinguished in an 
electrodeposition system. Starting from the bulk solution, the farther region from the electrode 
surface, several zones can be distinguished: bulk electrolyte, hydrodynamic layer, diffusion 
layer and at the interface electrode/electrolyte, the electrochemical double layer (DL).  
In general, charge separation occurs at the interface metallic electrode/electrolyte as a 
consequence of the different nature of the mobile charges in the two regions considered: 
electrolyte and metal electrode. At this interface, the charge transfer occurs and it is known as 
the electrochemical double layer. When an electric double layer is formed, an excess of ions 
of charge opposite to that on the electrode will be found on the solution side of the phase 
boundary. A simple approximation is to imagine two parallel layers of charge, one on the metal 
surface and one comprising anions at the distance of closest approach, which was termed by 
Helmholtz (Helmholtz-layer model). The Helmholtz model is clearly incomplete. It does not 
take into account the thermal motion of the ions. Goüy and Chapman were the first authors 
who considered the thermal motion of the ions near the electrode surface. Their model did not 
consider the formation of the Helmholtz layer but only a diffuse double layer, in an extended 
region near the electrode surface formed by positive and negative ions, being those of opposite 
charge to the electrode surface in excess. It was later Stern who proposed a more realistic 
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model by the combination of the previous ones. He considered that the double layer was 
formed by a compact layer of ions near the electrode surface, followed by a diffuse layer which 
is extended into the bulk electrolyte. Later, Grahame further developed the model of Goüy and 
Chapman introducing the existence of specific adsorption. This means that the solved ions 
present in the electrolyte lose their hydration spheres when they approach the electrode 
surface and are adsorbed onto the electrode surface, regardless of their charge. It was Bockris 
et al. who in the early 60s introduced the physical nature of the interfacial region to the double 
layer model. They considered the interaction between the dipoles and the surface electrode in 
dipolar solvents, such as water. In those, it exists a predominance of solvent molecules near 
the interface and they are oriented according to the electrode charge. Together with the 
specifically adsorbed ions, they form a layer. In this model the inner Helmholtz plane passes 
through the centre of the water dipoles and the specifically adsorbed ions. Figure 2.2 shows 
graphically the combination of the different model. The inner Helmholtz plane passes through 
the centres of these specifically adsorbed ions and water dipoles; the outer Helmholtz plane 
passes through the centres of the solvated and non-specifically adsorbed ions; the diffusion 
region is found outside of the outer Helmholtz plane and it is broader than the previous 
[38][40][42][43]. 
 
Figure 2.2 Schematic representation of the structure of the double layer by the Bockris et al. model 
[38]. 
The double layer is formed as consequence of the exchange of charged particles between the 
electrolyte and the electrode: electrons and metallic ions may enter the solution and ions can 
be transferred to the metal surface and be adsorbed there [38]. When the charge transfer 
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processes are very fast compared to the mass transport of the electroactive species the total 
electrode reaction is mass transport controlled; i.e. the total reaction rate is determined by the 
transport rate of ions (diffusion controlled processes). 
When a cathodic potential step is applied, a diffusion layer in front of the electrode surface is 
formed due to a concentration gradient (∇c) as consequence of the metal ion consumption in 
the reduction reaction. A diffusion driving force arises (in the direction to the electrode). The 
Fick’s law expresses the proportional relation between the diffusion rate and the concentration: 
J = −D · ∇c                                                            (2.8) 
where J is the flux of the electroactive species, D is the diffusion coefficient of the electroactive 
specials and ∇c is the concentration gradient. 
The concentration changes as a consequence of the diffusion process are described by Fick’s 
second law: 
∂c
∂t
= D · ∇c
2                                                            (2.9) 
Under the diffusion approximation the second Fick’s law is valid. The solution of the differential 
equation can be found under the condition of constant electrode potential, giving as result a 
mass flux which decreases with the inverse square root of time. The formed concentration 
profile extends into the solution near the electrode surface by an amount δN, known as the 
Nernst diffusion layer thickness. As well as the concentration, the thickness of the diffusion 
layer (δN) is time-dependent [40]. 
Immediately after switching on the current (or applied potential), the concentration only varies 
in the thin layer near the electrode, an increase with t1/2, until natural microscopic convection 
starts due to the generated density gradients. When no stirring is applied, the value of δN is 
indeterminate. With small density differences arising when electrolysis proceeds, natural 
microscopic convection effects give rise. In this case, the stationary value of δN rises up to a 
maximum of 500 µm and the attainment of the steady state takes up to a minute to be reached. 
However, when the electrolyte is stirred, δN has a defined value, and depending on the nature 
of the electrolyte, a steady state is attained within one second with a value of δN in the order of 
1 µm. Only in this narrow region near the electrode surface, the ion concentration changes 
with the position [38][40]. The concentration gradient ∂c/∂x in a diffusion layer of thickness δN 
can be expressed as: 
 
∂c
∂t
=
(c0−cs)
δN
                                                      (2.10) 
where c0 and cs are the ion concentration in the bulk and near the electrode surface, 
respectively. If a sufficiently high overpotential value is chosen, cs decreases to a very small 
value and the current density ceases to be determined by the electron-transfer rate and the 
process becomes completely determined by the diffusion rate. From Fick’s first law (Eq. 2.8) 
together with j = zFJ, 
j = zFD(
∂c
∂t
)
x=0
= zFD
(c0−cs)
δN
                                        (2.11) 
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In a steady state condition, where δN tends to a constant value, i.e. to a limiting time-
independent value as cs → 0, the current density decays to a limiting value known as diffusion-
limited current density (jlim) and this is given by: 
jlim = zFD
c0
δN
                                                      (2.12) 
In a polarisation curve, the corresponding overpotential region is entitled as the limiting-current 
region [39][40]. 
2.1.3 Nucleation, growth and layer formation 
After the electrochemical metal reduction, atomic surface diffusion, agglomeration/nuclei 
formation and subsequent crystal growth takes place and a final layer is obtained. These steps 
are of high importance since the nucleation processes will determine the physical properties 
of the final layer. Different factors such as the deposition potential, the electrolyte composition 
and the hydrodynamic conditions affect the nucleation processes and further growth of the 
films. The initial process of electrocrystallization will take place on a crystal surface (electric 
conductor-electrode, which acts as a substrate) through the following processes (see Figure 
2.3a).  
 
Figure 2.3 Schematic representation of the initial steps of electrodeposition. a) Diffusion of the metal 
ions from the bulk electrolyte till the surface electrode. b) Steps of layer formation: 1) 
reduction of the adsorbed cations to form metallic ad-atoms, 2) reaching of the energetically 
favourable sites (kinks, steps, defects…) and 3) nuclei formation. 
The metal ions (cations) that are present in the electrolyte are hydrated or form complexes 
with additive molecules. They must diffuse towards the electrode (substrate) while losing 
partially their hydration shell [39][44]. When they arrive to the inner Helmholtz plane of the DL, 
the ions lose completely the hydration sphere and get adsorbed onto the electrode surface. 
Thus they can be discharged and form metallic ad-atoms. 
Before the ad-atoms are incorporated into the metal lattice they have to reach energetically 
favourable sites in their vicinity, which is realized by surface diffusion. A schematic 
representation of this process can be observed in Figure 2.3b [45]. 
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For single crystal or amorphous substrates, incorporation of ad-atoms into a cluster to form a 
stable nucleus is determined by the interaction energies of the ad-atoms with the metallic 
atoms of the electrode (acting as a substrate) and the atoms of the same kind and the crystal 
lattice misfit between the substrate and the deposited layer. Depending of these conditions, 
three mechanisms of nucleation and layer growth can be distinguished (see Figure 2.4) 
[16][39]: 
- Volmer-Weber (VW): 3D island growth when Eads Me-S < Eads Me-Me. 
- Frank-Van-der-Merwe (FM): 2D layer-by-layer growth when Eads Me-S > Eads Me-Me. 
- Stranski-Krastanov intermediate mechanism between VW and FM when Eads Me-S > Eads 
Me-Me, but in this case the lattice misfit between the substrate and the deposited metal 
is significant.  
 
Figure 2.4 Mechanisms of films growth in the initial stage: a) Volmer-Weber mode, b) Frank-van der 
Merwe mode and c) Stranski-Krastanov mode [16][45]. 
The preferred incorporation sites for the ad-atoms at the crystal surface are those regions with 
a high density of energetic favourable sites like defects such as dislocations, vacancies, kinks, 
or steps. The discharge and attachment of atoms to the lattice take place across the whole 
surface forming “island” nuclei which will grow vertically; this is referred to as island growth 
(Volmer-Weber mode). The deposits obtained from such a growth mode are weakly attached 
to the substrate. When additives which provide moderate inhibition are used, the Strankski-
Krastanov growth mode occurs. In this case, the additives adsorb preferentially at the defects 
forcing the metal to discharge in the atomic planes. Firstly, monolayers are formed from where 
later, island nuclei will form and grow. Only when strong inhibition of favourable sites occurs, 
the third mode of layer-by-layer growth (Frank-van der Merve) is realized leading to smooth 
and fine-grained deposits [38][44][45]. 
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2.1.4 Electrodeposition of alloys 
Electrodeposition of alloys is theoretically and technically a more complicated issue as 
compared to the deposition of single metals. It requires more control of the composition of the 
electrolyte and deposition conditions. Electrochemically generated alloys often offer properties 
that are better than those of the individual components [38][46][47]. In addition, 
electrodeposition is a process under non-equilibrium conditions; thus, it enables formation of 
metastable phases/alloys that are not achievable by standard equilibrium processes. 
Brenner [48] distinguished two alloy electrodeposition processes based on thermodynamic 
arguments: normal and anormal behaviour. In the normal codeposition, the more noble 
element deposits more readily and the composition of the deposits reflects the one of the 
electrolytes. Anormal behaviour according to Brenner includes “anomalous” and “induced” 
codeposition. “Anomalous” codeposition means that the less noble metal deposits 
preferentially, as typically observed in the iron group (Fe, Ni and Co with each other). “Induced” 
codeposition indicates that one of the metals cannot be deposited in pure form and needs to 
be deposited as an alloy (W is a well-known example). A more actual approach takes into 
consideration not only the thermodynamics but the kinetics of the partial electrode reactions 
also, as well as mass transport and homogeneous reactions in the diffusion layer [47][49]. 
The theory of the mixed electrodes was developed to describe uniform corrosion [43][50][51]. 
It states that the measured current density at a mixed electrode is the sum of the partial current 
densities of all anodic and cathodic reactions. When the theory of the mixed electrodes is 
applied to describe the corrosion process, the partial currents belonging to the oxidation of the 
metal and the reduction reaction are considered. In the case of the electrodeposition of the 
alloys, the potential measured belongs the reduction reaction of the metals: M→Mz+ + ze-. 
When this theory is applied to the electrodeposition of an alloy, the partial currents correspond 
to different reduction reactions which involve different metals. Therefore, it is the result of the 
superposition of different surface reactions. Formally, during binary alloy electrodeposition 
three reactions can take place simultaneously on the cathode: the deposition of the alloy 
components and the hydrogen evolution reaction (or sometimes any other reaction like oxygen 
reduction). For the case of deposition of a two-constituent alloy AB (being A thermodynamically 
more noble metal than B, E°A> E°B) in an acidic (de-aerated) electrolyte the following yields: 
j = jA + jB + jH                                                        (2.13) 
where jA and jB are the partial current densities of the alloy components A and B, respectively, 
and jH is the current density belonging to the hydrogen evolution reaction (HER) [38]. 
Figure 2.5 presents how the kinetics of the partial reactions affects the composition of the 
deposits which is derived from the slope of the current density. It represents schematically the 
logarithm of the current density versus potential for different electrode kinetics. For the situation 
plotted in Figure 2.5a, both components exhibit identical cathodic slopes (Tafel slopes and the 
composition of the deposited alloy is independent of the applied potential, which means the 
electrodeposition process is charge-transfer controlled. Therefore, electrodeposition of the 
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alloy is possible at potential values lower than E°B. Figure 2.5b shows the case in which both 
metals present a limiting current. Hence, at the limiting current, both metals codeposit under a 
mass-transport controlled process. In the case of the represented alloy in Figure 2.5c, both 
metals codeposit under charge-transfer but in comparison with the case represented in Figure 
2.5a, the metals show a different Tafel slope. This means that the alloy composition varies with 
the applied potential. At cathodic potential values not far from E°B, the alloy becomes rich in 
the element A and at potential values very negative, it becomes B element-rich. Figure 2.5d 
shows the system where at potentials positive to the equilibrium potential of B, the alloy only 
contains the element A, while at very negative potentials the alloy becomes B-rich. The last 
situation is typical for systems in which the electrolyte is rich in B ions and low concentration 
of the A element [47]. 
 
Figure 2.5 Schematic representation of the logarithm of the partial current densities for the component 
A and B which form a binary alloy. a) A and B components are under charge-tranfer control 
and exhibit the same Tafel slopes. b) A and B metals show a limiting current. c) Both metals 
deposit under charge-transfer control and show different Tafel slopes. d) Metal A shows a 
limiting current but metal B deposits under charge-tranfer control. (Typical situations 
described by Landolt in Ref. [47] for the alloys electrodeposition). To simplify, hydrogen 
evolution reaction is not shown. Figure assigned by Dr. V. Hähnel’s thesis [47].   
Generally, the rate limiting step of the partial reactions depends on the bath composition 
(metallic ions concentration or the presence of complexing agents). Two cases can be 
distinguished: 
a) Mass-transport limited deposition: favoured by small concentration of the metal ions. 
b) Charge-transfer limited deposition: favoured by high concentration of the metal ions 
and the presence of strong inhibition due to the presence of additives/complexing 
agents. 
Alloy electrodeposition represents the simultaneous occurrence of electrochemical reactions 
within a defined potential range. Rarely, these partial reactions are independent from each 
other and usually a mutual influence is observed. The presence of interactions between the 
reduction reactions of the single metals is demonstrated by the fact that the partial curves 
during the alloy electrodeposition, mostly always, differ from the curves obtained for the 
individual deposition of each of the components from a solution of the same concentration and 
composition. If the partial current density vs. potential curve is shifted in the negative direction 
as compared to the individual curve, overpolarization of deposition of this component is 
observed. When this effect takes place in the opposite direction, depolarization occurs. The 
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effect of overpolarization and depolarization can occur due to different factors: i) 
thermodynamic, ii) surface-adsorption and iii) kinetic factors. 
For two metals to be codeposited (deposited simultaneously) with an appropriate deposition 
rate, it is necessary that the potential regions corresponding to the single metal reduction 
overlap. When the equilibrium potentials of the considered metal species differ by 1 V or more, 
they must be brought together, being usually the potential of the more noble metal shifted to 
the negative direction. Different approaches exist to overcome this difference between 
reduction potentials [42][47][52]: 
1. Use of electrolytes with higher concentration of the less noble metal ion (Mn2+ in this 
work) and lower concentration of the more noble metal ion (Fe2+ in this work). 
2. Complex formation between the more noble metal ion and complexing agents 
introduced into the electrolytic bath: complex compounds of the more electropositive 
metal ion generally have higher stability constants than the same complex of the more 
electronegative metal ion. It features higher polarizability and consequently brings the 
potentials of deposition of the two metals closer. 
3. Addition of surface-active substances. 
4. Deposition of the more noble component at conditions with the limiting diffusion current. 
For some alloy systems a convergence of the deposition potentials is due to purely 
thermodynamic factors resulting from the alloy binding energy. 
Thus, exploiting one of the mentioned approaches or a combination of them results in an alloy 
formation at a certain potential, E, that can be expressed as following through the 
thermodynamic and kinetic parameters (indirectly by η, see Butler-Volmer equation, 2.4) of 
both components: 
EA = E
0(A) +
RT
zAF
· ln aA + ηA                                               (2.14) 
EB = E
0(B) +
RT
zBF
· ln aB + ηB                                               (2.15) 
E = E0(A) +
RT
zAF
· ln aA + ηA = E
0(B) +
RT
zBF
· ln aB + ηB                         (2.16) 
Where aA and aB are the activities of the A and B ions, E
0 (A) and E0 (B) are the standard 
reduction potentials of the corresponding elements of the alloy, ηA and ηB are the total 
overpotentials of the two reduction reactions.  
2.1.5 Use of complexing agents in electrodeposition of alloys 
Electrodeposition of alloys allows to achieve tailored properties for specific applications, but it 
requires stricter control of deposition conditions than for single metal deposition, as mentioned 
in the previous section. The functional properties depend on their chemical composition and 
on their structure on the micro- and nanoscale. Many factors can affect the electrodeposition 
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process (concentration of metals, temperature, applied voltage…), but one interesting method 
to interfere in the process in order to improve the final properties of the deposits is the use of 
complexing agents, which are anions or molecules that form coordinate bonds with a metallic 
atom or ion to form a complex. 
Complexing agents interfere in the kinetics and thermodynamics of the electrodeposition 
process, influencing the composition of the electrodeposited alloy obtained. The formation of 
metallic complexes in the presence of these complexing agents can affect the mass transport 
of the electroactive species. In addition, the complexing-equilibria (complexes distribution) 
affects also the concentration of the reaction species at the cathode and the competitive 
adsorption which affect consequently the rate of charge transfer [47]. The role of complexing 
equilibria in alloy electrodeposition processes has been studied by many authors for different 
systems, such as citrate in SnMn alloy or glycolic acid/citrate in FeW [53][54]. They showed 
that depending on the metal ion concentration, the applied potential or even the pH, different 
complexed species react at the cathode surface. In the electrodeposition of alloys, the metal 
elements may compete for the complexing agents and therefore, the concentration of the 
complexed species may be different from that observed in single metal systems. But they not 
only affect the chemistry of the electrolyte, in addition, the concentration of the reactive species 
at the electrode surface is affected by the diffusion of the complexed species which differs from 
the diffusion of the single metal ions [47]. 
 
Table 2.1 Effect of the complexing agents on the morpho-structural properties of the electrodeposited 
alloys, the electrodeposition process and the chemical compositions of the alloys. 
Effect of complexing agents 
Morpho-structural Electrochemical Chemical composition 
Grain refining 
Change of texture 
 
Modification of cathodic polarization 
Modification of double layer structure 
Change of electrodeposition mechanism 
through the complexes formation 
Extension of working current density 
range 
Incorporation of additives 
Alloy composition 
 
 
Most of the practical plating electrolytes contain complexing agents (or other kind of additives), 
which can affect in different manners to the morpho-structural properties or the chemical 
composition of the deposited alloys and also to the electrochemical process of deposition (see 
Table 2.1). However, still nowadays, the explanation of the specific action of particular agents 
in specific baths and the establishment of a relationship between the nature and the structure 
of complexing agents with the nature of the electrodeposits presents a challenge. 
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2.1.6 Template-assisted electrodeposition 
Complex shaped structures are desirable for a wide range of applications, including 
microelectromechanical systems or water remediation [27][55][56]. Since the early 1970s, a 
large number of methods have been developed to grow structured metal deposits [32]. Hard-
template methods have been extensively used to prepare different shapes such as wires, 
tubes or rods [55]. On this way, microstructure fabrication into microporous templates became 
a simple alternative to conventional lithographic methods. Prerequisites to apply this method 
are chemical and thermal stability and good wettability properties of the template during the 
process. One concern regarding this method is that, upon release, the obtained structures 
must be compatible with the solvents used. The two most common templates are anodized 
aluminium oxide (AAO) and track-etched polymer membranes. AAO templates are commonly 
synthesized through electrochemical oxidation of aluminium in acid electrolytes, yielding a high 
density of uniform and parallel pores [27][55]. Track-etched polymer membranes are formed 
via the bombardment of polymer films with nuclear fission fragments to create damage tracks 
that are then chemically etched into pores. The distribution of the pores is random and not 
parallel with, commonly, conical-shape. 
It is known that in an electrocrystallization process, the charge transfer and the mass transport 
are affected by the dimensions and shape of the cavities where the electrodeposition process 
takes place. Furthermore, it has been reported earlier that the electrodeposition of alloys in 
templates proceeds very differently to the case when deposition takes place onto planar 
substrates towards films [57][58]. Some authors have devoted their works to elucidate the 
growth mechanism to control and design different kind of structures [59][60]. A schematic 
diagram of the growth mechanisms can be seen in the Figure 2.6. In the first step, as well as 
in planar substrates, the metal ions are surrounded by a hydration layer and move towards the 
cathode where they are reduced, as shown previously in the Figure 2.3a. Cao et al. proposed 
in their work that the junction between the cathode surface and the bottom edge of the template 
pore serves as a preferential site for the reduction of the metal ions to metal atoms (blue dots 
in Figure 2.6) [60]. They serve as energetically favourable sites that enhance the metal-atom 
adsorption on the walls of the pores due to the high surface area. Two growth mechanisms 
can be distinguished: growth direction parallel to the current direction and growth direction 
perpendicular to the current direction. The fact that will determine one growth mode or the 
other is the difference between the growth rates for the metal entering the crystal lattice. The 
final shape of the structures depends of those competitive rates: growth rate parallel to the 
current direction (VII) and growth rate perpendicular to the current direction (V┴). When a low 
overpotential is applied, it has small influence on both growth rates, which means they are 
similar (VII≈V┴) and the metal atoms fill the pores completely (rod-shape) as schematically 
shown in Figure 2.6b. While when a high overpotential is applied, it leads to a preferential 
deposition of the metallic atoms on the junction (see Figure 2.6a) and the parallel growth 
direction is preferred along the walls, generating consequently a tubular shape (VII>>V┴). 
It must still be addressed that each electrodeposition system has a different behaviour and 
even though some general similarities have been reported, the influence of the electrolyte 
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composition, applied potential or current density or confined-space dimensions play the key 
role. 
 
Figure 2.6 Schematic diagram of the growth mechanisms of micro-/nanostructures via template-
assisted electrodeposition. a) Tube-shape growth, b) Rod-shape growth (inspired by 
Ref.[60]). 
2.2 ELECTRODEPOSITION OF MANGANESE, IRON AND 
MANGANESE-SYSTEMS 
Different authors have studied the electrodeposition of Mn coatings and its alloys as 
replacements for other toxic materials due to their environmentally friendly nature and the wide 
range properties that they present [61]. Pure Mn is a brittle material with a high chemical 
reactivity, which presents a very negative standard electrode potential (E0 = -1.18 V). This is 
the reason why most literature in this field is concerned with practical aspects of the material 
synthesis and the quality of the final products [3][62]. On the other hand, electrodeposition of 
Fe is established and the reduction mechanism has been reported in many studies [63][64]. 
Still nowadays, the electrodeposition of the FeMn alloys is a challenging task for researchers 
[19][65]. In the following section, selected previous studies related to these metals are 
presented. 
2.2.1 Electrodeposition of manganese 
Electrode potential-pH (Pourbaix) diagrams are an essential tool in electrochemistry that 
establishes the thermodynamic equilibriums and related phases of metals in an aqueous 
electrochemical system [40][66]. They provide theoretical information, which helps to design 
electrochemical experiments to obtain the targeted compounds. The Pourbaix diagrams 
corresponding to Mn/H2O and Fe/H2O are shown in Figure 2.7. Two parallel lines labelled with 
the letters a and b represent the equilibrium conditions of the oxidation of water to gaseous 
oxygen and the reduction of water to gaseous hydrogen, respectively (when the partial 
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pressure is 1 atm at 25°C). These two lines define three regions: i) above line a, production of 
O2 gas accompanies the electrochemical reaction related to the metal ions; ii) between the 
lines a and b, aqueous media is stable and water decomposition does not take place; iii) below 
line b, HER accompanies the electrochemical reactions which take place in this region. 
 
Figure 2.7 Pourbaix diagrams: a) Mn/H2O system, ([Mn2+] = 0.05 M) and b) Fe/H2O system ([Fe2+] = 
0.01 M) at 25°C calculated by MEDUSA® software (see Appendix I). These specific 
concentrations were chosen in order to be consistent with the optimized electrolytes for the 
electrodeposition of FeMn. A second concentration of Mn2+ and Fe2+ ions is shown in the 
Appendix II. Number of calculation steps in each axis: 200; Total number of calculations in 
PREDOM: 40000. Green dotted lines: a - 1/2O2+2H++2e-→H2O, b - 2H++2e-→H2. 
 
Figure 2.7a shows the Pourbaix diagram for Mn, in which consideration is given to all possible 
reactions of the Mn/H2O system, reflecting the fact that the predominant solution species for 
manganese in acid is the Mn2+ and in alkali, MnO4- (at oxidative potential values). Therefore, 
for Mn reduction, a restriction of the pH range for the reduction of Mn2+ to metallic Mn is 
established between 0 and 8.8, avoiding in this manner the precipitation of hydroxides (solid 
compounds). In Figure 2.7a, the black solid horizontal line refers to concentration of 0.05 M for 
Mn2+ in solution, and the vertical solid line correspond to the equilibrium points for the reaction 
(also at 0.05 M Mn2+): 
Mn2+ + 2OH− → Mn(OH)2                                                 (2.17) 
The very negative reduction potential in aqueous solutions (E0 = -1.18 VSHE) makes Mn one of 
the most electronegative metals that can be electrodeposited from aqueous solutions. This 
value shifts slightly to the negative direction to a value of -1.23 VSHE extracted from the Pourbaix 
diagram calculated for the metal ion concentration used in the present work (see also Appendix 
II). 
 Only few studies have been reported, describing in detail the electrodeposition process, with 
a good quality of the deposits [2][61][67][68][69][62]. In literature, two reaction mechanisms 
have been proposed for the Mn metal deposition when it takes place in aqueous media. One, 
still in doubt, involves 2 steps of 1-electron transfer each [70]: 
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Mn2+ + e− → Mn+                                                        (2.18) 
Mn+ + e− → Mn                                                           (2.19) 
A second mechanism involves 1 step of 2-electron transfer for Mn deposition in ammonium 
ion (NH4+) containing solution, following the reactions [68][71]: 
2H2O(NH4
+) + 2e− → 2H2 + 2OH
−(NH3)                                      (2.20) 
         Mn2+ + 2e− → Mn                                                         (2.21) 
Mn + 2H2O(NH4
+) → 2H2 + Mn
2+ + 2OH−(NH3)                             (2.22) 
Eq. 2.22 shows the oxidation reaction that Mn can suffer by the solution.  
Previous authors have devoted their studies to elucidate the kinetics of the Mn 
electrodeposition from MnSO4-(NH4)2SO4 containing baths. Electrochemical studies using 
these electrochemical baths reported the role of (NH4)2SO4 as a pH buffer, complexing agent 
and supporting electrolyte. 
In aqueous electrolytes containing MnSO4 and (NH4)2SO4, Mn2+ ions can form different 
complexes: [Mn(H2O)6]2+,  [Mn(NH3)x=1-6]2+ or [Mn(H2O)6-n(NH3)n]2+. Due to the presence of the 
high spin 3d5 manganese (II) ions, all these complexes are octahedrally coordinated and 
possess zero ligand field stabilization energy [2][71]. J. Lipkowski and Z. Galus [71] proposed 
that Mn2+ ions could be discharged by those complexes which increase the Mn2+ ion discharge 
ability by following the mechanism: 
[Mn(H2O)6−n(NH3)n]
2+ + xH2O ⇌ [Mn(H2O)6+x]
2+ + nNH3             (2.23) 
[Mn(H2O)6+x]
2+ + 2e− ⇌ Mn + (6 + x)H2O                           (2.24) 
They suggested that the rate-determining step for Mn2+ discharging is the diffusion of the Mn2+-
complexes to the cathode surface and not the dissociation of the Mn2+ complexes, due to the 
relative instability of those. In addition, a buffering effect of (NH4)2SO4 could stabilize the pH 
value near the cathode surface at pH values to a limited extent, i.e. between 2 and 3.5 as well 
as between 6 and 7 [2][67]. The stabilization of the pH value decreases the formation of the 
hydroxyl ions (OH-) at the interface and, in consequence, it avoids the formation and 
incorporation of manganese hydroxides into the growing deposits. 
Furthermore, metallic Mn possesses a high chemical reactivity and in presence of water, as 
the Pourbaix diagram shows in Figure 2.7a. It can form surface Mn oxide/hydroxide (Eq. 2.25 
and 2.26) coupled with hydrogen evolution: 
Mn + H2O → MnO + H2 ↑                                             (2.25) 
Mn + 2H2O → Mn(OH)2 + H2 ↑                                         (2.26) 
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But also, the oxidized surface can react with the H+ and NH4+ ions, causing its dissolution 
according to the following reactions: 
MnO + 2H+ → Mn2+ + H2O                                         (2.27) 
MnO + 2NH4
+ → Mn(NH3)2
2+ + H2O                                   (2.28) 
Therefore, the overall kinetics of the complex Mn deposition is determined by the balance 
between the reduction and oxidation reactions. The dissolution of the oxide/hydroxide surface 
layer is probably the slowest reaction step among the mentioned ones, being also potential-
independent. Consequently, an unfavourable balance between inhibition and electrodeposition 
at sufficiently negative potentials may result in kinetic limitation of the rate of the Mn deposition 
reaction [67]. Additionally, another reaction which also affects the inhibition/deposition balance 
is the HER as a consequence of the very negative potential for the Mn2+ reduction and the 
discharge of the ammonium ion. 
2.2.2 Electrodeposition of iron 
The present work focusses on the electrodeposition of FeMn from aqueous-based electrolytes. 
Hence, a short overview related to the electrodeposition of the second constituent, Fe, will be 
presented in the following lines (electrodeposition of Mn can be found in the previous section 
2.2.1). 
Figure 2.7b shows the Pourbaix diagram for Fe, in which consideration is given to all possible 
reactions of the Fe/H2O system, reflecting the fact that the predominant solution species for 
iron in acid is the Fe2+ and in alkali, FeO42- (at oxidative potential values). Therefore, for Fe 
reduction, a restriction of the pH range for the reduction of Fe2+ to metallic Fe is established 
between 0 and 8, avoiding in this manner the precipitation of hydroxides, which are not stable 
and are transformed to Fe3O4. In Figure 2.7b, the solid black horizontal line refers to 
concentration of 0.01 M for Fe2+ in solution, however, in comparison with the Mn/H2O system, 
it does not exist a thermodynamic equilibrium between the Fe2+ and the formation of the 
hydroxide. Therefore, at alkaline pH values, Fe could be oxidized to Fe3O4 and included into 
the deposits, since Fe(OH)2 is stable only in a very narrow region (see Figure 2.7b). The 
reduction potential value (E0) in aqueous solution has a value of -0.44 VSHE, which is slightly 
shifted to the negative direction to a value of -0.56 VSHE extracted from the Pourbaix diagram 
calculated for the metal ion concentration used in the present work (see also Appendix II). 
Fe electrodeposition is a well-known procedure and several electrolytes for Fe and Fe alloys 
have been developed [63][72][73][74]. The Fe electrodeposition process takes place in 
successive steps related to a hydroxide species formation. These hydroxide species are 
dissolved in an ionic state in the electrolyte or adsorbed at the electrode surface.  It is generally 
accepted that the reduction proceeds through a multistep-reaction as follows [64]: 
Fe2+ + H2O ⇌ FeOH(aq)
+ + H+                                         (2.29) 
FeOH(aq)
+ ⇌ FeOH(ads)
+                                                 (2.30) 
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FeOH(ads)
+ + e− ⇌ FeOH                                              (2.31) 
FeOH + H+ ⇌ Fe + H2O                                              (2.32) 
where (aq) and (ads) stands for “dissolved” and “adsorbed”, respectively. When the deposition 
is carried out from acidic aqueous electrolytes and the standard potential of the deposited 
metal is negative, as in the present case of Fe and Mn, additional side reactions might occur. 
Typical cathodic side reactions are as follows [67] 
2H+ + 2e− → H2 ↑                                                  (2.33) 
2H2O + 2e
− → H2 ↑ +2OH
−                                           (2.34) 
Reaction in the eq. 2.33 is the mentioned hydrogen evolution reaction, HER, which consumes 
H+ ions (see Figure 2.7, it belongs to the line b) and therefore, increases the pH value at the 
electrode surface. When very negative potentials are applied it is possible to decompose water 
(eq. 2.34) and generate OH-, which also increases the pH value near the electrode surface. It 
might be also possible that some oxygen (O2) is dissolved in the electrolytic bath, which can 
also be reduced following the reaction: 
O2 + 2H2O + 4e
− → 4OH−                                          (2.35) 
which also causes the increase of the pH value. These reactions are present in the Mn 
deposition process as well, as it was mentioned in the section devoted to the Mn 
electrodeposition. 
To avoid these undesirable reactions, boric acid (H3BO3) is often used in Fe electrodeposition, 
but in the case of Mn electrodeposition it has not been commonly used. It has been reported 
that H3BO3 improves the quality of the deposits when it is used for Fe electrodeposition. 
However, the exact role of H3BO3 is not well understood and some explanations have been 
considered: (1) H3BO3 acts as a buffer, (2) it adsorbs on the electrode surface, thus blocking 
the active places for hydrogen evolution and (3) it forms complexes with the metal ions 
[75][76][77][78]. Later numerical simulations and experimental work conducted by Zech and 
Landolt [79] proved that the presence of H3BO3 retards the increase of the pH value at the 
cathode surface. This is explained by a release of protons in the cathodic diffusion layers at 
potential values where water reduction starts to be possible. Those affects are attributed to the 
adsorption of the H3BO3 species to the surface. 
On the other hand, (NH4)2SO4 is often referred only as a supporting electrolyte also for Fe 
electrodeposition. However, M. Deelo et al. [80] studied the important role of the ammonium 
ion in the electrodeposition of Fe from aqueous sulphate solution. The ammonium ion (NH4+) 
prevented the electrode surface from being covered with Fe(OH)2 due to its weak acidic nature 
by releasing a proton through the following reaction: 
NH4
+ ⇌ NH3 + H
+                                                     (2.36) 
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In addition, NH4+ dissociates into NH3 at increasing basic pH values, enabling the formation of 
Fe-NH3 complexes which shifts the pH value for the formation of Fe(OH)2 to more alkaline 
values. 
2.2.3 Electrodeposition of manganese alloys 
Electrodeposited alloys find many applications in different fields such as surface coating 
technologies in industry, electronics or microdevices. More specifically, Mn alloys have been 
studied by researchers since many decades. Mn alloying with metals like Zn can increase the 
corrosion properties which is of importance for automotive applications. Alloying with Cu can 
increase the stability of the γ-Mn phase (distorted face centred cubic) [81][82][83]. In case of 
Sn and also Cu as alloying components, the alloy may also provide sacrificial corrosion 
protection [84][85][86]. 
Electrodeposition of Mn alloys with the iron group elements (Fe, Co, Ni) have attracted the 
attention of researchers since the first study in 1924. First studies were focused on the 
synthesis of mainly NiMn and FeMn for sacrificial protections of Fe and Ni [87]. More recent 
studies have extended the field of applications, such as coatings for interconnections [88], or 
spin valve recording [89][90]. All these alloy systems present applications in different fields, 
but they have in common the large difference between reduction potentials of their 
constituents, ΔE0=0.75-0.95 V. This difference between the reduction potentials made them 
challenging electrodeposition systems. All of them presented a normal type deposition 
behaviour (following Brenner’s classification [47][48]). J.J. Kelly et al. [89] reported 
electrodeposition studies of NiMn alloys where only a maximum of 1.2 wt.% of Mn content and 
a uniform composition in the deposits were achieved. They reported deposits with high 
strength, good ductility and low stress. Later, Stephen et al. [91] published electrodeposition 
studies of nanocrystalline NiMn alloys from a sulphate-based electrolyte and deposits with a 
Mn content between 7.9 and 27.6 at.% were obtained. In addition, they reported an A3B face 
centred cubic (fcc) structure of the deposits, Ni3Mn, finding a superlattice structure along the 
(001) direction for the deposits containing 23.8 at.% of Mn. A different approach by using ionic 
liquids was reported by Guo et al. [90]. These liquids were employed in order to avoid the HER 
in chloride/gly-containing electrolytes, thus promoting the reduction of Mn2+ ions and increasing 
the Mn content of the deposits up to 9.4 at.%. These deposits presented also a fcc structure 
of Ni, in which the grain size is reduced when the Mn content increases. However, they did not 
detect any NixMny metallic compounds, confirming the formation of a solid solution when the 
Mn content is below 9.4 at.%. CoMn alloys have been also studied and electrodeposited from 
sulphate electrolytes without and with additives (i.e. gluconate). The increase of the applied 
current density or the Mn2+ concentration in the bath lead to an increase of the Mn content in 
the films in the range between 10 and 80 at.% of Mn in the deposits. Additionally, the use of 
additives leads to continuous and dense films [52][92]. Unfortunately, the crystal structure has 
not been reported. 
Regarding the electrodeposition of alloys of the FeMn system, especially in aqueous media, 
literature is scarce and only few studies have been devoted to the study of this system, which 
main difficulties lie in the very negative reduction potential of Mn and the large difference 
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between the reduction potentials of the alloy components. However, the original references 
about FeMn are not open to the public, so the overview written by Brenner remains the easiest 
path to these findings [87]. Therefore, limited information regarding the composition or 
microstructural properties of the electrodeposited material has been presented. 
In the past, researchers have tried the codeposition of these two metals from aqueous 
electrolyte baths without commercial success [87]. The best results were observed in a divided 
cell, similar to the cell used for Mn electrowinning, where two solutions (one with and another 
without the metallic ions) are separated by a membrane. Only low percentages of Mn in the 
deposits have been reported as well as low current efficiencies. 
Generally, in the codeposition process of two metals, the more noble metal (less negative 
potential) deposits preferentially; this means, in the deposited alloy the ratio of the more noble 
metal is larger than in the bath. First authors who reported the electrodeposition of FeMn alloys 
were Campbell, Agladze and Gdzelishvili between 1956 and 1959 [87]. From the galvanostatic 
electrodeposition experiments performed in their studies, they found a maximum of 5-8% of 
Mn in the deposits (at.% or wt.% was not specified). The deposit composition was not variable 
with the bath composition or the pH value, and low cathode efficiencies were observed. In 
addition, the studies were conducted in baths composed of simple salts since the use of 
complexing agents was considered of limited value. Agladze and Gdzelishvili studied the effect 
of additives such as gelatine, wood glue and agar-agar and they found an improved quality of 
the deposits when the additives were not added in large concentration but no effect on the 
composition was mentioned. A complexing agent would shift the deposition potential of the 
more noble metal (Fe) closer to that of Mn, but it also would complex Mn2+ ions and inhibit the 
deposition of Mn [87]. However, the addition of additives to Fe/Mn based electrolytic baths was 
not reported. 
The use of (NH4)2SO4 for Mn metal electrodeposition has been mentioned in the previous 
section 2.2.1. Its buffering effect and the formation of intermediate Mn complexes appeared to 
be essential to obtain good quality Mn deposits. Meanwhile, (NH4)2SO4 has been found to be 
also indispensable for electrodeposition of Mn alloys. In studies reporting electrodeposition of 
alloys such as NiMn, improvement of the appearance of the electrodeposits was observed and 
in some others, referring to alloys like ZnMn or BiMn, only its buffering effect has been 
mentioned [82][93][94]. 
In the most recent studies, chloride-based electrolytes have been used to electrodeposit FeMn 
alloys from aqueous and organic solutions. They reported problems of adherence or 
roughness and in addition, thermal post-treatment of the layers is needed to change their 
structure from amorphous to crystalline [19][65]. Till present, no systematic study has been 
done on the electrodeposition process of FeMn alloys from sulphate-based electrolytes. 
Altogether, two important factors are considered to be very crucial for the deposition of FeMn 
alloys: 
(i) The electrolyte cannot be operated at pH values higher than 4 due to the Fe- and Mn- 
hydroxides precipitation. Although theoretically, the Pourbaix diagram shows that the 
stability range of Fe2+ or Mn2+ is up to a pH value of 8 (see Figure 2.7). During the 
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practical work, precipitation of the Fe or Mn hydroxides was observed at lower pH 
values of the bulk electrolyte due to the local increase of the pH on the electrode surface 
(pH ≥ 8) due to the HER and the water decomposition [67]. 
(ii) The use of (NH4)2SO4 is essential for electrodeposition of Mn and Mn alloys from 
aqueous electrolytes [71][87]. 
Altogether, the conditions to deposit the binary FeMn alloys must be designed carefully and 
make from the codeposition process of the two metals a challenge. 
2.2.4 Use of complexing agents in the electrodeposition of manganese alloys 
As presented in the section 2.1.5, the addition of complexing agents can improve the quality 
or change the properties of the final deposit by interfering in the electrodeposition process. 
Regarding the electrodeposition of Mn and Mn alloys, several complexing agents of organic 
and inorganic nature have been used in order to improve the quality of the deposits and the 
current efficiency, which is often very low due to the side reactions. 
In order to improve the quality of Mn deposits, complexing agents such as ammonium 
thiocyanate, N-based auxiliary agents in the presence of SO2-type additives or sodium oleate 
were reported and their effects towards the increase of the current efficiency, the suppression 
of Mn hydroxides formation or the cathodic polarization [21][62][67][95][96][97]. In the case of 
electrodeposition of Mn alloys, complexing agents such as sodium citrate (SnMn), 4-
hydroxybenzaldehyde (ZnMn), sodium gluconate (CoMn) or glycine (NiMn) were added to the 
electrolyte to modified the electrodeposition process and improve the obtained deposits (see 
Table 2.2) [82][84][90][92]. 
 
Table 2.2 Additives used in the literature for electrodeposition of Mn-based deposits and the effect of 
glycine in Fe-based deposits. 
Alloy Complexing agent Effect 
NiMn[90] Glycine (gly) Increase of the current efficiency 
Change of the nucleation mode 
Increase of the Mn content 
CoMn[90] Sodium gluconate Control of the alloy composition 
Suppression of Mn(OH)2 formation 
ZnMn[82] 
 
 
ZnMn[98] 
4-hydroxybenzaldehyde 
 
 
Sodium gluconate 
Brightening effect 
Decrease of the roughness 
Increase of the corrosion properties of the deposits 
Lowering the deposition potential of Zn 
Favours the incorporation of Mn 
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SnMn[53] 
 
 
Citrate Limiting of the pH window for bath manipulation  
High current efficiency 
Increase of the Mn content in the alloy 
 
FeP[99] Glycine Shifting of the deposition potential to more negative values 
FeZn[100] Glycine Modification of the structure and surface topography 
(smoother deposits) 
FeCu[101] Glycine Complexing agent (no further information) 
 
Glycine (gly) is an aminoacid and a known bidentate ligand, which binds with the metal ions 
through the carboxyl (-COOH) and amine (-NH2) functional groups. The structure of glycine in 
the neutral form is shown in Figure 2.8a. 
 
Figure 2.8 Structure of a) glycine and b) glycinate ion (gly-). 
Glycine, chosen as a complexing agent in this work, is present in different forms dependent of 
the pH value of the solution, as it is presented in Figure 2.9, which is due to the possible 
protonation and deprotonation of its functional groups. It can be present protonated (Hgly+) at 
very acidic pH values, also in its neutral form at pH between 4 and 8 (Hgly) and as glycinate 
ion (gly-, its structure is shown in Figure 2.8b) when the pH reaches values higher than 8. This 
gives rise to the formation of different complexes depending in which form it is found in the 
electrolyte solution. 
 
Figure 2.9 Distribution of the glycine (gly- fraction) form depending on the pH in aqueous media 
calculated my MEDUSA®. Parameter for calculations: [gly-]=0.01 M, I=0.01 M. 
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In acid solutions, glycine (Hgly) can form two complex species with Fe2+ ions in solution as 
follows [102] 
Fe2+ + Hgly ⇌ [Fe(Hgly)]2+                                           (2.37) 
[Fe(Hgly)]2+ + Hgly ⇌ [Fe(Hgly)2]
2+                                  (2.38) 
and three complex species with Mn2+ ions [103] 
Mn2+ + Hgly ⇌ [Mn(Hgly)]2+                                          (2.39) 
[Mn(Hgly)]2+ + Hgly ⇌ [Mn(Hgly)2]
2+                                (2.40) 
[Mn(Hgly)2]
2+ + Hgly ⇌ [Mn(Hgly)3]
2+                              (2.41) 
In the case of those complexes, the complexes formed by the protonated glycine, Hgly, with 
Fe2+ are thermodynamically more stable than with Mn2+ ions [102][103]. On the other hand, 
when the pH value of the electrolyte solution is in the alkaline region, glycine is presented as 
the glycinate ion (gly-) and it can form different complexes with Fe2+ and Mn2+ ions, represented 
in Figure 2.10. The glycinate ion forms five-member ring with the metal ions (Fe2+ and Mn2+), 
which has a maximum stability due to the metal ion has a higher volume than the C atom and 
the bond angle gly-(-NH2)-Mz+- gly-(-CO-) will present a value of 90° in octahedral complexes.  
 
Figure 2.10 a) Complexes formed by Fe and glycinate ion (gly-); b) Complexes formed by Mn and 
glycinate ion. 
Figure 2.11a represents the Fe2+ species distribution in solution of the gly-free electrolyte. In 
this electrolyte, which contains (NH4)2SO4, Fe2+ is found mostly in its “free form” at acidic pH 
values. It needs to be remarked that “free form” here means that Fe2+ only forms hexa-aqueous 
complexes due to that the electrolyte is water based. When the pH value increases, Fe2+ ions 
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form complexes with NH3 and they predominate in a broad pH range, between 6 and 12. This 
is of great importance, since new equilibria are formed and the formation of hydroxide is shifted 
to higher pH values. For the same electrolyte, Figure 2.11b shows the distribution of species 
formed by Mn2+. As well as in the case of the Fe2+ species, Mn2+ is found in its “free form” (also 
it forms hexa-aqueous complexes) at acid pH values and when the pH increases, Mn2+ forms 
complexes with NH3 and they predominate in a pH range between 7 and 10, which is not as 
broad as the range at which the Fe-NH3 complexes are formed. In the case of Mn, the formation 
of these complexes is of crucial importance to electrodeposit Mn as it was explained in the 
section 2.2.1 
 
Figure 2.11 Soluble species distribution vs. pH, calculated by MEDUSA® software for a gly-free 
electrolyte containing 0.01 M FeSO4, 0.05 M MnSO4, 1M (NH4)2SO4 and 0.3 M H3BO3 
(I=4.74 M). a) Fraction of Fe2+ vs. pH and b) fraction of Mn2+ vs. pH. 
Complexing agents can change the thermodynamic equilibrium of the chemical species 
present in the electrolyte and therefore, the distribution of the species vs. pH in solution. This 
fact is clearly revealed when Figure 2.11 is compared with Figure 2.12. The last, shows the 
distribution of the soluble species formed by Fe2+ and Mn2+ in the Fe2+/Mn2+ electrolytic baths 
with glycine as part of the electrolyte composition. These graphs were calculated and drawn 
by means of the MEDUSA software, neglecting the formation of solid compounds that could 
precipitate. 
When glycine is added to the electrolyte, the fraction of the Fe-NH3 complexes is affected and 
partially decreases, appearing the formation of two new complexes: Fe(gly)+ and Fe(gly)2 (see 
Figure 2.12a). On the other hand, gly does not affect the formation and distribution of the Mn-
NH3 complexes, which remain predominant in the same range of pH (see Figure 2.12b). 
The formation of thermodynamically stable complexes may have a retarding effect on the 
reaction kinetics. This aspect can advantageously support the incorporation of Mn with respect 
to Fe [90] by anticipating simultaneous reduction of Mn and Fe ions from one electrolyte or 
slowing down the kinetic rate of the Fe2+ reduction, a critical issue in the electrodeposition of 
FeMn alloys [87]. This will be analysed in detail in chapter 5 (section 5.2). 
The reason of choosing glycine as a complexing agent in the present work in the 
electrodeposition process is not only because it forms more stable Fe-gly complexes, but also 
because glycine is a non-essential aminoacid and consequently not toxic to humans. This 
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aspect is especially important to follow a sustainable design of the electrolytic bath and also 
due to the possibility that the complexing agent may be incorporated in the deposits, and 
therewith influences their biocompatibility characteristics. 
 
Figure 2.12 Soluble species distribution vs. pH, calculated by MEDUSA® software for a gly-containing 
electrolyte containing 0.01 M FeSO4, 0.05 M MnSO4, 1M (NH4)2SO4, 0.3 M H3BO3 and 0.01 
M gly (I=4.75 M). a) Fraction of Fe2+ vs. pH and b) fraction of Mn2+ vs. pH. 
Finally, it must be mentioned that H3BO3 was included in all the MEDUSA calculations since it 
forms part of the electrolyte composition. However, it has not shown any effect in the 
complexes formation in the graphs presented in Figure 2.11 and Figure 2.12. This indicates 
that H3BO3 is not involved in the thermodynamic species formation in the electrolyte. Further 
effects will be shown in the results presented in chapter 4. 
2.3 FUNDAMENTALS OF MAGNETRON CO-SPUTTERING 
Magnetron co-sputtering is a plasma vacuum coating technique (physical vapour deposition, 
PVD) in which positively charged ions, created by an electric discharge, bombard a metallic 
target surface to produce a flux of vapour species, which deposit on the surface of the 
substrate. The gas used for the discharge is usually an inert gas, e.g. Ar, with a high mass to 
increase the transfer of the kinetic momentum to the atoms belonging to the metallic target. 
When the energy of the incident ions is high enough, the interaction with the surface of the 
material (through the exchange of the kinetic momentum) allows the ejection of the surface 
atoms to pass to vapour phase and subsequently condense to form a thin layer on the 
substrate (see Figure 2.13) [16]. 
The bombardment of the ions not only produces the sputtering effect, but also the emission of 
secondary electrons, which are accelerated towards the plasma.  Once the electrons are in 
the plasma, they have enough energy to produce new charged ions through a process of 
cascading ionization due to the impact with the gas atoms. Thus, they compensate the loss of 
charge produced by collision of the charged species with the walls of the vacuum chamber 
and the electrodes. Therefore, the glow discharge is “self-sustaining”. Part of the energy 
provided by the incident ions when they clash is transformed to heat, which can be dissipated 
through a refrigeration circuit that avoids the overheating of the cathode [104]. 
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Figure 2.13 Scheme of the co-sputtering process (exemplary Fe and Mn targets). 
Different experimental configurations exist for the growth of thin films by the technique of 
magnetron co-sputtering. In the present study, a research scale DC planar-magnetron has 
been used, schematically shown in Figure 2.13. In this configuration, a group of magnets are 
located under the rectangular cathode, so that the lines of the magnetic field are parallel to the 
surface of the cathode. The own holder of the cathode acts as anode. A schematic draw is 
presented in Figure 2.14. 
 
Figure 2.14 Schematic draw of planar magnetron sputtering configuration. Adapted from Ref. [104]. 
The charged particles present in the plasma generated by the DC electric discharge between 
the cathode and the anode, are affected by the weak magnetic field created by the magnets, 
which stronger affects the electrons than the charged ions. In this way, the secondary electrons 
emitted by the cathode describe spiral paths around the lines of the magnetic field confining 
the plasma in this region. Consequently, an increase of the ionic current is produced and a 
higher deposition rate is obtained. 
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The sputtering process can be reactive or non-reactive, depending if there is a chemical 
reaction between the atoms belonging to the target and the gases used in the process. In the 
present work only argon, Ar, is present in the vacuum chamber, therefore non-reactive 
deposition has been used. 
2.3.1 Steps of the magnetron co-sputtering deposition process 
In order to deposit metal layers via this PVD technique, two steps are needed previous to the 
final step of deposition: 
1) Previous vacuum (10-10 mbar)  
2) Pre-sputtering of the targets 
Before starting the process, the chamber needs to be maintained with the vacuum pumps 
system during some time to achieve a base pressure of 10-10 mbar under cathode refrigeration. 
Once the base pressure is reached, a pre-sputtering process to clean the target surface by 
generation of the plasma with Ar to bomb the target surface and remove possible impurities 
that can have been attached during the opening of the chamber. When the discharge 
conditions (voltage and current) are stable, it is possible to proceed to the deposition process 
of the metallic layers [16][104]. 
2.3.2 Sputtered FeMn films 
Sputtered FeMn based layers have been previously studied by other authors, most of them 
focused on the magnetic properties that strongly depend on their structural characteristics 
[15][17][105][106]. The calculated phase diagrams point out the complexity of the FeMn 
system and only a few present the state at room temperature. Figure 2.15a shows an example 
of the equilibrium phase diagram where the thermodynamically stable phases for bulk FeMn 
are shown. 
Magnetron co-sputtered deposition, as well as electrodeposition, is a non-equilibrium 
deposition technique usually performed at room temperature and therefore, deposited alloys 
do not follow calculated phase diagrams and metastable states/phases are to be expected 
(unless in-situ or post-deposited annealing). Therefore, usually saturated solid solutions are 
observed. 
It is well known that properties of bulk materials can strongly differ from its version in thin film. 
Nakamura et al. published a study that elucidates the “phase diagram” for metastable FeMn 
films (with a thickness of 2 µm) obtained by sputtering at room temperature. This “phase 
diagram” is presented in Figure 2.15b. In this diagram, phase boundaries of the sputtered 
FeMn alloys differ a lot from the equilibrium phase diagram shown in Figure 2.15b. For the 
non-equilibrium diagram, FeMn films have a body-centered cubic (bcc) structure in almost all 
its range of composition except in a small region where a mixture of the bcc structure and the 
possible presence of the face-centered cubic (fcc) structure was found [105]. When the alloy 
is Mn-rich, it shows a bcc structure corresponding to α-Mn, and when the alloy is Fe-rich, the 
structure corresponds to the α-Fe (also bcc). 
2 STATE OF RESEARCH 
 
31 
 
Figure 2.15 a) Thermodynamic equilibrium phase diagram of Fe-Mn system (calculated, 2004) from 
Ref. [107]. b) “Phase diagram” of sputtered FeMn films (Mn1-yFey films: A-non-equilibrium, 
B-equilibrium, both at room temperature, from Ref. [105]. 
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3 EXPERIMENTAL AND CHARACTERIZATION 
METHODS 
3.1 ELECTROCHEMICAL SET-UP 
The electrochemical experiments were carried out in a three-electrode, two-compartment 
(anodic and cathodic compartment) Teflon® cell in order to separate the electrolytes with and 
without metallic ions. The electrochemical cell was used without and with electrolyte flow in the 
cathodic compartment. In the Figure 3.1, a sketch of the electrolytic cell is shown. The 
electrolytic cell has a volume of 25 cm3 and the volume of the reservoir varies between 30 and 
100 cm3. 
 
Figure 3.1 Sketch of the three-electrode/two compartment electrolytic cell. 
The installed electrolyte flow system consists in a closed circuit between the cathodic 
compartment of the electrochemical cell and an external reservoir (see Figure 3.2). A pH-meter 
and a stirring-bar are placed in the external reservoir, which only contains the electrolytic bath 
with metallic ions. In this manner, the pH is controlled and adjusted before and during the 
electrodeposition process. A flow velocity of 5 mL/min for Mn electrodeposition and 8 mL/min 
for FeMn electrodeposition were optimized and realized with a peristaltic pump (Ismatec® MS-
CA 4/640), in order to maintain the bulk pH value constant during the time of the 
electrodeposition process. Layers have been electrodeposited on polycrystalline sputtered Au 
layers (200 nm) on glass and Si wafers with an area equal to 0.785 cm2. The substrates were 
arranged horizontally in the bottom of the cell acting as working electrode [108]. 
The counter electrode was a platinum coil included in the anodic compartment. It was 
separated from the cathodic compartment by a NAFION membrane (Nafion® N-115 
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membrane, 0.125 mm thick, 0.90 meq/g exchange capacity, Alfa Aesar) to avoid the oxidation 
of Mn2+ and Fe2+ ions in the electrolytic bath and to avoid the formation of solid compounds 
(oxides or hydroxides) which could contaminate the electrolyte or be incorporated into the 
deposits. As a reference, a saturated mercury sulphate electrode (MSE, +640 mV vs. SHE) 
was used. To minimize the IR-drop in the electrolyte a Luggin capillary was employed at a 
distance of 1.5 mm away from the working electrode surface. 
 
Figure 3.2 a) Membrane cell with the electrolyte flow system. 1 – Reference electrode (MSE), 2 – 
Counter electrode (Pt coil), 3 – Working electrode (Au on glass or quartz), 4 - pH meter. b) 
Interior of the anodic compartment. 
For electrochemical quartz crystal microbalance (EQCM, Quartz Crystal Analyser QCA922, 
SEIKO EG&G) measurements, a mirror finished sputtered gold layer, with an area of 0.196 
cm2 and roughness of 0.06 µm, on top of a quartz crystal was used as working electrode.  
For electrochemical experiments related to Fe deposits, a different electrochemical cell 
previously reported by J. Koza et al. was used [39]. It is also a three-electrode configuration 
cell divided in two compartments to avoid the oxidation of the Fe2+ ions. However, the geometry 
is slightly different and contains a smaller volume of electrolyte. 
3.2 ELECTROLYTES 
In order to perform the electrochemical (potentiostatic and potentiodynamic polarisation) 
experiments, a broad set of electrolytes were designed. Specific details related to the 
concentration of the chemical species in the electrolytes is shown in different tables, which are 
included in the chapters 4 to 6. The electrolytes were prepared with deionized water and they 
were not de-aerated. The pH of the initial electrolyte and later, during the electrodeposition 
process was adjusted to 3 with 0.5 M H2SO4. 
For the electrodeposition of Fe, a set of 15 electrolytes containing different concentrations of 
FeSO4·6H2O (Merck KGaA), (NH4)2SO4 (Emsure® analysis grade) and H3BO3 (Merck KGaA, 
analysis grade) were prepared. For the electrodeposition of metallic Mn films, the Mn2+ based 
electrolytes were designed according to the results obtained from the Fe deposition 
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experiments, in order to maintain the Mn2+ concentration (less noble metal) higher than the 
Fe2+ concentration (more noble metal) for further FeMn electrodeposition as was presented in 
the section 2.1.4. The Mn2+ based electrolytes contain MnSO4·H2O (Merck KGaA), (NH4)2SO4 
(Emsure® analysis grade) and H3BO3 (Merck KGaA, analysis grade). 
Furthermore, the electrolytic baths used to obtain the FeMn deposits were developed 
according to the results obtained for the electrodeposition of the single metals. In this case, 
the deposits were entitled in the same manner as the used electrolyte. 
3.3 POTENTIOSTATIC AND POTENTIODYNAMIC MEASUREMENTS 
The electrochemical experiments, i.e. cyclic voltammetry and chronoamperometry 
(potentiostatic deposition), were performed in the electrochemical cell previously described 
which was connected to an IPS-300 mA-10 V potentiostat. The sweep rate used to record the 
cyclic voltammetries (CVs) is specified under each of the figures which shows a CV (15 mV/s 
or 20 mV/s). The potential was firstly scanned from the open circuit potential (OCP) in negative 
direction to values between -1.7 VMSE (in the case of the Fe related experiments) and -3.0 VMSE 
(in the case of the Mn related experiments) and then reversed. Five cycles were recorded for 
every of the potentiodynamic measurements. All the shown CVs correspond to the cycle 3, 
except one which is specified in the figure caption. For the potentiostatic experiments, the 
selection of the potential values are specified in the corresponding sections related to the 
results discussion. The substrates before electrodeposition and the obtained deposits were 
rinsed with de-ionized water and dried. 
EQCM measurements were conducted in order to separate the metal deposition from the side 
reactions, i.e. HER and water decomposition, which occur during Fe, Mn and FeMn deposition. 
To perform these measurements, the electrochemical cell was connected to a BioLogic SP-
200.  
EQCM measurements are based on the fact that quartz crystals possess through the piezo-
electric effect a resonance frequency 
f0 =
1
2d
(
μc
ρc
)
1/2
                                                        (3.1) 
where f0 is the resonance frequency, µc is the shear modulus (2.95·1011 gcm-1s-2), ρc is the 
density (2.65 gcm-3), and d is the thickness: constant parameters of the quartz. The EQCM 
signal is registered as Δfexp (Hz) (=f-f0), an indirect measurement of the change of mass that 
includes also changes in the viscosity of the electrolyte and the surface roughness. Increases 
in weight give rise to decreases in frequency, explained through the Sauerbrey equation [40]: 
 
Δf = − {
2f0
2
(μcρc)
1/2} Δm                                                    (3.2) 
 
This dependence is only valid when the mass changes lead to no more than 2 % (or 5 %) 
change in the resonance frequency. Its detection limits is in the region of ng per cm2, which 
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corresponds to the change for the formation of a single layer of metal [16]. This relation can 
be expressed as 
Δm = −
A
cf
· Δf                                                           (3.3) 
Δm represents the total mass change which occurs at the electrode surface, which 
corresponds to the mass change due to the deposition and dissolution of the metal, and the 
contributions from adsorbed and trapped solvent molecules in the area, A [40]. Δf corresponds 
to the experimental measurement of f-f0, A is the area of the working electrode and cf is the 
constant of the quartz (2.1·108 Hzcm2g-1). 
3.4 TEMPLATE-ASSISTED ELECTRODEPOSITION 
The microstructures were synthesized using the electrolyte compositions that were selected 
from the layer electrodeposition experiments (a table with the specified composition is provided 
in chapter 6). Electrodeposition of the micromotors was performed by a facile one-step 
template-assisted cathodic electrochemical co-deposition. The full volume of electrolyte was 
replaced every 10 min by the pumping system to avoid the oxidation of the metallic ions as 
well as in the films electrodeposition process (2.5 mL/min) using the same set-up presented in 
Figure 3.2. The method requires a porous polycarbonate (PC) membrane which possesses an 
average pore diameter of 5µm that dictates the dimensions of the microstructures. Because 
the PC membrane is non-conductive, a thin conductive layer of Au has to be sputtered on one 
side of the membrane, serving as a working electrode during the electrodeposition process. 
Following the electrodeposition experiments, the gold layer was removed chemically with gold 
etching applied only on the gold side. Then, the template was dissolved and cleaned in 
dichloromethane (two times), ethanol (three times) and distilled water (two times). All the 
microstructures were stored in ethanol at room temperature to perform the later analysis. They 
were only washed with water before motion behaviour studies. 
3.5 MAGNETRON CO-SPUTTERING SYNTHESIS 
Ultra-High Vacuum (UHV) multi-target sputter depositions with research scale DC-magnetrons 
were used to grow polycrystalline FeMn films. Magnetron co-sputtering was performed in a 
cylindrical vacuum chamber with two rectangular planar targets, Fe (99.95% purity) and Mn 
(99.95% purity) affixed to water-cooled magnetrons facing the substrate holder. Each 
magnetron was shielded from the other by stainless steel in order to avoid cross-
contamination. Substrates were supported on a 180 mm diameter rotating stage, which was 
controlled by a motor. The sputtering chamber was pumped and baked-out for at least 12 hours 
in order to achieve a base pressure of 2·10-10 mbar. The target-substrate distances were kept 
constant at 37 mm and 58 mm for Mn and Fe, respectively. A schematic of the sputtering 
flange used for the deposition is shown in Figure 3.3. 
Previously to the film deposition, 20 min of pre-sputtering was performed. During film 
deposition, high purity Ar stream flowed through the chamber, maintaining a working pressure 
of ≈1 Pa. Individual element targets are used instead of single stoichiometric alloyed targets 
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to allow the control of the composition. Each magnetron is connected to a power supply so 
that their individual sputtering rates could be controlled by the supplied power. 
 
Figure 3.3  Scheme of the sputtering flange used for the FeMn films deposition. 
The different power values used to obtain the different Mn concentration in the films are 
protocolled in Table 3.1. In addition, the substrates (10 x 10 mm pieces of (100) Si) were 
supported on a rotating stage to obtain several samples of each composition. All films were 
deposited at room temperature and were grown in a range of 300-500 nm in thickness, which 
was determined by masking a portion of the Si substrate and then removing it from the 
substrate, creating a step in the film. The step height was measured using a profilometer 
(Dektak 150 stylus profilometer). 
The Si substrates used to deposit the FeMn films were cleaned and degreased previously to 
insertion in the sputtering chamber. First, they were placed twice in acetone and an ultrasonic 
bath for ten minutes. Subsequently, they were placed in ethanol and in ultrasonic bath for ten 
minutes more. After drying, they were placed in the vacuum chamber. 
 
Table 3.1 Experimental details for synthesis of the sputtered FeMn films. 
 Parameters 
Film  
designation 
Power Fe 
target 
(W) 
Power Mn 
target 
(W) 
Deposition 
rate 
(nm/min) 
Deposition 
time 
(min) 
Fe10Mn 95 5.5 8.5 60 
Fe15Mn 60 6.12 5 90 
Fe25Mn 60 12.24 6 80 
Fe36Mn 60 19.6 7 72 
Fe46Mn 45 25 6.8 63 
Fe70Mn 25 31 4.8 84 
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3.6 CHARACTERIZATION METHODS 
3.6.1 Microscopy techniques 
The morphology of the deposited films, structures and corroded surfaces has been 
investigated with scanning electron microscopes (SEM, Leo Gemini 1530, Zeiss/, IFW 
Dresden; ULTRA 55, Zeiss, Bruker, ETH Zurich). Secondary electrons (SE) and backscattered 
electrons (BSE) are the signals commonly used for imaging. SE are the electrons emitted by 
inelastic scattering of the electron beam used for analysis of the materials. These electrons 
originate in depths in the order of 100 nm due to their low kinetic energy (<50 eV), and are 
used for imaging of surface morphology. On the other hand, BSE are generated from elastic 
scattering of the electron beam. Unlike the SE, this type of electrons is highly energetic and 
they originate from depths of around 1 µm. The elastic scattering depends on the atomic 
number of the atoms; thus BSE provides chemical contrast imaging: heavier elements 
backscatter more electrons and they will appear brighter in the images.  In addition to the 
elastic and inelastic scattering of the electrons due to the beam-surface interaction, it also can 
cause emission of the inner shell electrons. Consequently, atoms remain in an exited state that 
will provoke electronic transitions [44]. The excess energy related to the electronic transitions 
is emitted in form of X-rays that are collected by a X-Flash 4010-Detector (Zeiss, Bruker) and 
provide chemical composition information. The accuracy of this analysis is affected by several 
factors. The interaction volume of X-rays can be up to 5 µm and this limits the reliability of the 
measures when the analysed samples have sizes in the micrometer scale. In addition, many 
elements have overlapping of the emission peaks, i.e. Mn Kβ or Fe Kα in the present work [16]. 
 
Figure 3.4 EDX spectrum obtained from an electrodeposited FeMn layer with the overlapping of the Fe 
Kα and Mn Kβ peaks. 
Transmission Electron Microscopy (TEM) works mainly as SEM. It uses electrons as imaging 
source, but the applied accelerating voltage is much higher, which allows to reach high 
resolution imaging down to nanometers. Due to the high acceleration voltage and to the small 
sample thickness, the electrons can be transmitted and some of the electrons can interact with 
the atoms of the samples and others can be diffracted. This allows to work with two imaging 
modes: bright field imaging by use of the transmitted electrons, dark field imaging using the 
diffracted electrons [16][109]. 
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Cross-sections of the FeMn-based layers and the electrodeposited microstructures were 
prepared by focus ion beam (FIB, FEI Helios NanoLab 600i) for TEM investigations in a FEI 
TECNAI G2 operated at 200 kV for the experiments performed at the IFW. 
The TEM lamella of the microstructures was performed between the facilities at the IFW and 
the Autonomous University of Barcelona (UAB). In the last, a high-resolution TEM (HRTEM) 
Jeol-JEM 2011 TEM system operated at 200 kV was used. The TEM lamella was prepared on 
a dual beam Carl Zeiss Neon 40 station equipped with a Schottky FE-SEM and Ga+ ion 
columns (CANION31, Orsay).  
3.6.2 Spectroscopy techniques 
The spectroscopy techniques used during this work are destructive techniques for qualitative 
and quantitative chemical analysis. X-ray Photoelectron Spectroscopy (XPS) was used for 
characterization of the Mn films. XPS is a surface-sensitive spectroscopic technique based on 
the analysis of the kinetic energy of the electrons which have been stripped from the atoms of 
the elements present in the analysed material by means of X-ray radiation. It allows to analyse 
the first few nanometers of the surface of the thin films and it provides information about the 
empirical formula, chemical state and electronic state of the elements present in the analysed 
material. It also shows to which other elements the chemical species are bonded. Each 
element produces a characteristic set of XPS peaks at characteristic binding energy values. 
These spectral peaks correspond to the electron configuration of the electrons of the atoms 
(i.e. 1s, 2s, 2p...). The number of detected electrons is directly related to the amount of the 
element in the volume of the analysed sample [16]. These measurements were carried out 
with a PHI 5600CI (Physical Electronics) spectrometer, which is equipped with a hemispherical 
analyser running at a typical pass energy of 90 eV for survey and of 29 eV for detailed spectra. 
The analysis area was around 800 µm in diameter. Monochromatic Al-Kα excitation (350 W) 
was used. Depth profiling was performed using Ar+ ions at an acceleration voltage of 3.5 keV 
with an abrasion of 3.3 nm/min on SiO2. A previous step of sample excitation is necessary 
through the bombarding with high energy photoelectrons, as well as ultra-high vacuum (UHV) 
conditions between the sample and the analyser. The vacuum conditions are of extreme 
importance not only to avoid the dispersion of the emitted electrons, but also to avoid the 
contamination of the sample surface [16][108]. 
Glow Discharge Optical Emission Spectrometry (GD-OES) was used to obtain the 
compositional depth profile of the Mn and FeMn-based films synthesized by electrodeposition 
and magnetron co-sputtering. This technique has a high sensitivity for both heavy and light 
elements, such as O. A radio-frequency (rf) source designed and built in-house was employed 
to produce sputtering craters of 2.5 mm in diameter. The construction is based on the Universal 
Sample Unit from Spectruma Analytik GmbH, where the sputtering source is sealed by a cup 
and not by the rough and porous sample itself. Discharge parameters of 600 V anode voltage, 
197 Hz, a duty cycle of 10% and 4.2 hPa Ar pressure were used for the analysis of the films. 
A flat crater resulted from these conditions and an erosion rate 12 nm/s for the metallic Mn, 25 
nm/s for the electrodeposited FeMn layers and 45 nm/s for the sputtered FeMn films. Selected 
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emission lines (O 130 nm, Mn 403 nm, Fe 371 nm, Au 479 nm, B 208 nm and Si 288 nm) were 
detected using a high sensitive Photomultiplier (PMT) based GDA750 (Spectruma Analytik 
GmbH). The schematic working principle is shown in Figure 3.5. 
 
Figure 3.5 Schema of the GD-OES working principle. 
The source of glow discharge consists of a cylindrical hollow anode. Facing the anode, the 
sample is placed and conductively connected to the cathode block through an O-ring to seal 
the junction and to protect it from the atmosphere. Consecutively, the air is evacuated from the 
chamber and when appropriate vacuum conditions are reached the Ar glow is opened. Then, 
the process is very similar to the sputtering technique. A voltage is applied between the 
cathode and the anode and the Ar atoms clash with the atoms from the sample producing at 
the same time the ejection of secondary electrons. Later, the electrons are accelerated to the 
plasma. Once in the plasma, they clash with the present Ar atoms to generate Ar+ ions, 
compensating the charge loss. The analysis of the chemical composition is based in the 
photons which are emitted when the removed atoms pass into the plasma and clash with the 
e-, Ar and Ar+. These photons are emitted with excited waves and have characteristic 
wavelengths which are recorded by means of a spectrometer [110]. 
3.6.3 Crystal structure characterization 
The crystal structure of the layers and microstructures was investigated by X-ray diffraction 
(XRD). The phase identification is performed by converting the diffraction angle θ into 
interplanar distances according to the Bragg equation [111]. The obtained diffraction patterns 
can also be compared with those from a powder standard database. A standard powder is 
characterized by a random texture. Hence, comparing the measured intensities of the pattern 
with the intensities from a standard powder can provide the information related to the sample 
structure. 
A Bruker D8 Advance system with a position sensitive detector (LynxEye EX), θ/2θ scan (8° 
offset) to remove the substrate peaks (Department of Materials Science, UCAM) was used. 
Cu Kα radiation (λ=1.5418 Å) was used to analyse the co-sputtered FeMn films. The XRD 
patterns for the electrodeposited films were recorded on a STOE Stadi P diffractometer with a 
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curved Ge (111) crystal as a primary beam monochromator with Mo Kα1 radiation (λ=1.7093 Å) 
and a Mythen 1 K position sensitive detector (Dectris) at the IFW. All as prepared 
electrodeposited films were measured as flat samples in transmission geometry. 
The crystal structure characterization of the micromotors was analysed without being released 
from the PC template. The XRD patterns were recorded on a Philips X’Pert diffractometer 
using the Cu Kα radiation (40 kV and 30 mA) in the 25°-90° 2θ range at the Physics Department 
of the UAB. 
For deeper characterization, in addition to XRD measurements, the crystal structure was also 
determined by Laue diffraction method in the TEM (TEM FEI TECNAI G2) at 200 kV 
accelerating voltage, i.e. by selected area diffraction (SAD) and nanodiffraction (ND) on 
selected areas and grains. For the cross-section observations, the sample was previously cut 
by focus ion beam (FIB, FEI Helios NanoLab 600i). 
3.6.4 Magnetic properties 
The magnetization measurements were performed in a Quantum Design physical property 
measurement system (PPMS) with a vibrating sample magnetometer (VSM) attached. 
Superconducting coils generate magnetic fields up to 9 T. The sample is set on a rod-shaped 
and non-magnetic sample holder, which is placed in the magnetic field between the coils, 
generated by the change of the magnetic flux. By the vibration of the sample, a change in the 
magnetic field of the sample is caused. This change induces a voltage which is proportional to 
the magnetic moment of the sample and this is measured by secondary coils. 
Hysteresis curves were measured at a rate of 5 mT/s. Fields of a maximum of 100 mT were 
needed to saturate the sample. The measurements were carried out in-plane and out-of-plane 
to the magnetic field. The measurements of the hysteresis loops were performed at room 
temperature. 
3.6.5 Electrochemical corrosion analysis 
Most of the corrosion processes in humid environments are of electrochemical nature, 
particularly, when the materials are in contact with aqueous solutions. When the uniform 
corrosion takes place under open circuit (free corrosion) conditions, some regions of the metal 
surface act as anode and oxidize, i.e. they dissolve and release metallic ions to the solution. 
Simultaneously, in the regions that act as cathode, a reduction reaction occurs. Therefore, 
when uniform free corrosion takes place, both half-reactions must happen. For the particular 
case of a noble metal in water-based solution, the half-reactions are as follows [43]: 
 Anodic reaction: 
M → Mz+ + ze−                                                      (3.4) 
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 Cathodic reaction:  
 In acid environment: 
2H+ + 2e− → H2                                                         (3.5) 
O2 + 4H
+ + 4e− → 2H2O                                                 (3.6) 
 In alkaline or neutral environment 
O2 + 2H2O + 4e
− → 4OH−                                               (3.7) 
2H2O + 2e
− → H2 + 2OH
−                                               (3.8) 
Although, depending on the nature of the considered metal and ions in solution also reduction 
reactions of the metal or even deposition reactions can occur. The formation of anodes and 
cathodes is due to the existence of local micro-electrochemical cells that can be generated 
due to different factors, i.e. different crystal orientation or surface defects. This generates the 
emergence of regions with different electrochemical potentials, which is the driving force for 
the corrosion process [16][43]. 
In order to study the electrochemical corrosion, potentiodynamic polarization measurements 
at very low scan rate were conducted to simulate the natural free corrosion under quasi-
stationary conditions. The measurements were conducted in a three-electrode Teflon cell 
connected to a potentiostat (Solartron SI-1287, Solartron Analytical). The electrodeposited and 
co-sputtered FeMn layers acted as working electrode, a saturated calomel electrode (SCE, 
+0.241 V vs. SHE) as reference electrode and a platinum foil as counter electrode. The OCP 
was measured for 20 seconds, after that, the potentiodynamic polarization measurement was 
performed with a scan rate of 0.5 mV/s from -0.15 V vs. OCP to 0.5 V vs. SCE. 
The corrosion current density and the corrosion potential were determined by the graphical 
extrapolation method of the Tafel plots (see Figure 3.6). The method consists in the application 
of the Tafel equation (eq. 2.7) to each electrode (half-reactions: eq. 3.4-3.8). This allows, from 
a plot of log10 |j| vs. potential, to obtain the value of the corrosion potential (Ecorr), which 
corresponds to the minimum observed in the plot, and the current density corrosion (jcorr) where 
the absolute value of the anodic (ja) and the cathodic (jc) current density is equal. The current 
that flows at this potential value is known as jcorr and it is directly related to the rate constant of 
the electrode reaction [43]. 
Ideally, the measurements simulate quasi-static conditions. Considering so, the Ecorr value is 
equivalent to the OCP value, since the last is the stationary electrode potential that is stabilised 
when the electrode is only immersed in solution (without external polarization source). 
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Figure 3.6 Curve log10 |j| vs. potential and Tafel lines. 
The Tafel equation is derived from the charge transfer theory as it was explained in detail in 
the section 2.1.1. The difference between the application of the Tafel equation to a redox 
system and to a corrosion process is that in the redox system only one reversible reaction is 
considered and the system is considered to be in equilibrium. While in corrosion, many and 
different reactions take place at the same time and the process is not under equilibrium 
conditions. At the equilibrium of the redox reaction: jc is equal to ja, and this value corresponds 
to j0 (exchange current density). In the corrosion process: jc is produced by the reactions in the 
eq. 3.4-3.7 which depend of the environment and ja is produced by the oxidation reaction, eq. 
3.3. When the value of these current densities is equal, then, this value is known as corrosion 
current density, jcorr [43]. 
Electrochemical corrosion analyse of the electrodeposited and sputtered layers were 
conducted. With the vision to use these films in the biomedical field, the measurements were 
performed in NaCl solutions at a pH value of 7.6 with the concentrations of 0.15, 1.5, 15 and 
150 mM at RT. All measurements were repeated 2 or 3 times in order to evaluate the 
reproducibility. Furthermore, the morphology of the corroded deposit surfaces was analysed 
by SEM combined with EDX (SEM, Leo Gemini, Zeiss/XFlash4010, Bruker). 
3.6.6 In vitro cytotoxicity test 
Cytotoxicity test is a biological evaluation and screening test that uses tissue cells in vitro to 
observe the effect of the environment on the cell growth. Cytotoxicity tests are preliminary tests 
and an important indicator for toxicity evaluation of the thin films in the present study. The test 
consists of the following three steps: 
i) Cell culture: mouse embryonic fibroblast cells (NIH/3T3) were cultured in DMEM cell 
culture medium (high glucose, GlutaMAX Supplement, Thermo Fisher Scientific), 
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supplemented with 10% fetal bovine serum (FCS) and 1% of antibiotics (100 x 
Antimycoticum) at physiological conditions at 37 ºC, 5% CO2. 
ii) Samples cleaning: the samples were cleaned in 70% ethanol bath for 15 minutes. 
Removal from the ethanol bath was followed by 10 minutes drying under laminar flow 
in a Biosafety hood and 30 minutes UV exposure. Finally, cell media wash steps were 
performed before the samples were added to the cell cultures. 
iii) MTT – cell viability assay: cell cultures were seeded in 6-well plates at a density of 
300’000, 30’000 and 6’000 cells per well, for 1, 3 and 6 days respectively. The 
corresponding samples were introduced to the cell cultures 4 hours after the initial 
seeding, providing time for the cells to attach and spread on the culture flask surface. 
At day 1, 3 and 6, the MTT assays were conducted as follows; 0.2 mL of MTT solution 
(3 mg/ml of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide in PBS 
(phosphate-buffered saline) at pH 7.4) was added to each well, followed by 4 hours of 
incubation. The cells with an active metabolism converted the MTT reagent to purple 
coloured formazan crystals. These crystals were dissolved after the incubation in 0.04 
M HCl solution, resulting in purple coloured solutions. Absorbance measurements of 2 
ml of each solution were performed on 12-well plate reader with a test wavelength of 
570 nm and a reference wavelength of 630 nm. The cell viability values were calculated 
as a percent normalized to the absorbance values measured for the control 
experiments. All experiments were conducted in triplicates. 
3.6.7 Micromotors manipulation experiments 
In order to investigate the motion behaviour, the micromotors were immersed in a 3.5 vol.% 
H2O2 solution with Triton-X 0.5 wt.% and placed in a test chamber comprising an acrylic plate 
with a cylindrical hole 5 mm in diameter and 2 mm in height, covered by a cover glass panel 
on the bottom side. The chamber was placed in the centre of a customized magnetic actuation 
system (MFG-100-I, MagnetobotiX AG, Switzerland) with 4 electromagnetic coil pairs each 
wound on a soft magnetic core, capable of producing magnetic field. All motion was recorded 
using a charge-coupled device (CCD) video camara (XM 10, Olympus Co., Japan). The videos 
were edited by iMovie and free FiJi software was used to track the speeds of the micromotors 
and extract time-lapse images from the videos. 
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4 ELECTRODEPOSITION OF IRON AND 
MANGANESE AS SINGLE METALS 
Fe electrodeposition is a well-known procedure that has been deeply studied by previous 
authors and widely applied [63][64][80]. In this chapter, it will be described how the parameters 
for Fe electrodeposition are optimized as well as for Mn electrodeposition in order to have the 
appropriate conditions for further FeMn electrodeposition. 
The first section of this chapter introduces briefly the analysis of the conditions for Fe 
electrodeposition as a first step. Bath designing includes the investigation of the effects of the 
FeSO4 concentration on the potentiodynamic measurements and the (NH4)2SO4 concentration 
on the obtained deposits properties. In addition, EQMB studies are performed to determine the 
appropriate deposition potential range. The second section presents the results regarding the 
electrodeposition of Mn. Electrochemical studies were performed to characterize the 
electrolyte and, also, the effect of the pH value and the (NH4)2SO4 concentration were 
analysed. The films were characterized regarding their chemical composition and morphology. 
4.1 ELECTRODEPOSITION OF IRON 
4.1.1 Electrochemical studies 
In order to characterize the Fe2+ containing electrolyte (FeSO4, H3BO3 and (NH4)2SO4) and to 
optimize the bath, initially, potentiodynamic polarization measurements were conducted in 
electrolytes with several FeSO4 and (NH4)2SO4 concentrations with a pH value of 3. In the 
Figure 4.1, the resulting cyclic voltammograms (CVs) recorded under static conditions 
(electrolyte convection) are shown. 
Exemplary, to describe the principal curve behaviour of a CV recorded in an Fe2+ containing 
electrolyte, the CV recorded in the electrolyte containing 0.01 M FeSO4 and 0.5 M (NH4)2SO4 
is chosen (which is represented in Figure 4.1a). From a starting value corresponding to the 
OCP (between -0.15 and -0.25 VMSE) the potential was scanned in the negative direction up to 
an end value of -1.7 VMSE. From a potential of -1.27 VMSE, the cathodic current density gradually 
increases, which belongs to the HER. When the potential scan continues to more negative 
values, the slope of the current density vs. potential curve changes at -1.41 VMSE. It indicates 
the beginning of the Fe2+ reduction and deposition. In the reverse scan, a deviation in the 
current density curve begins at -1.17 VMSE, which corresponds to the oxidation of the deposited 
Fe and therefore, its dissolution.  
Figure 4.1a-c shows the CVs recorded at the several FeSO4 concentrations for the different 
(NH4)2SO4 concentrations (pH=3). For all the curves presented in Figure 4.1a-c, a clear 
increase of the current density is observed in the cathodic polarization curve when the Fe2+ 
ions concentration is increased in the electrolyte as well as an important increase of the 
intensity of the peak corresponding to the Fe dissolution peak. These features revealed a 
mass-transfer controlled deposition process. In addition, when the Fe salt concentration 
4 ELECTRODEPOSITION OF IRON AND MANGANESE AS SINGLE METALS 
 
46 
increases, two facts can be observed in the CVs. The first corresponds to the cross over the 
current density-potential curve in the reverse scan with the cathodic scan, which is caused by 
the Fe deposition on its own. It occurs in the reverse scan that the Fe deposition takes place 
onto the Fe surface of the deposit which takes place in the cathodic scan, instead of directly 
onto the Au substrate. The second fact corresponds to the observation of a shoulder (as 
indicated by the red arrows in the Figure 4.1a-c) in addition to the peak corresponding to the 
Fe dissolution at potential values between -0.9 and -0.8 VMSE, which may belong to the 
electrochemical/chemical dissolution or oxidation of hydroxides which are formed chemically 
due to the strong increase of pH during the cathodic scan as a consequence of the HER and 
water splitting. On the other hand, it can be observed that this shoulder decreases its intensity 
till it disappears when the concentration of (NH4)2SO4 is increased, which indicates that this 
salt inhibits the formation of hydroxides [80]. 
 
Figure 4.1 CVs recorded in Fe2+ containing electrolytes with a) 0.5 M, b) 1 M and c) 1.5 M of (NH4)2SO4 
(in addition all the electrolytes contain 0.3 M H3BO3). All the electrolytes possess a pH=3. 
The red arrow indicates the hydroxides dissolution/oxidation. Scan rate: 20 mV/s. 
For further characterization of the electrolyte with different (NH4)2SO4 concentrations, 
potentiodynamic polarization studies were performed in combination with EQCM and the 
resulted curves are presented in Figure 4.2a-c. 
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Figure 4.2 CVs and corresponding mass change curves measured in the Fe2+ ion containing electrolytes 
(0.01 M FeSO4) with a) 0.5 M (NH4)2SO4, b) 1 M (NH4)2SO4 and c) 1.5 M (NH4)2SO4 (in 
addition all the electrolytes contain 0.3 M H3BO3). Scan rate 20 mV/s and natural electrolyte 
convection. 
When combining these measurements, the peak belonging to the HER can be clearly 
distinguished from the metal reduction since this reaction is not related with a mass change. 
The current density peak belonging to the HER evolution (marked with a red arrow) is barely 
visible in the Figure 4.2a, but this peak becomes more intense when the (NH4)2SO4 
concentration increases, highlighting the enhancement effect that this compound has on the 
proton reduction. The NH4+ ion provides additional H+ ions that results in a higher HER activity. 
In addition to the reduction of the protons, the water decomposition takes place in similar 
potential ranges as the reduction of the Fe2+ ions. These facts make difficult to determine the 
deposition potential only on basis of the current density vs. potential curve. However, the dm/dt 
vs. potential curve shows exactly at which potential value the Fe deposition starts: -1.4 VMSE 
(marked with a grey arrow in the Figure 4.2a-c). Therefore, -1.5 VMSE was derived as a suitable 
potential for further potentiostatic deposition experiments in the Fe2+ ion containing electrolytes 
for a time of 10 min. It must be also mentioned that no shoulder is observed next to the Fe 
dissolution peak due to the inhibitor effect of the (NH4)2SO4 for the hydroxide formation and 
low Fe2+ concentration. As reported previously in chapter 2, (NH4)2SO4 possesses some 
advantages, as i.e. the prevention of the formation and precipitation of hydroxides due to its 
buffering effect at pH values between 2 and 3.5 as well as between 6 and 7 [80]. 
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By comparing the curves measured in electrolytes with three different concentrations of 
(NH4)2SO4 at a constant FeSO4 concentration (0.01 M), it can be assessed that (NH4)2SO4 
does not affect the value of the deposition potential. However, the strong HER induced by the 
(NH4)2SO4 is not beneficial for the formation of the deposits. 
4.1.2 Morphology characterization 
The analysis of the surface morphology of the Fe deposits obtained from potentiostatic 
deposition experiments was performed by SEM in order to analyse the effect of the (NH4)2SO4 
concentration at a given FeSO4 concentration of 0.01 M. A clear effect on the surface 
appearance is revealed in Figure 4.3. Smooth surfaces are obtained from the electrolytic baths 
containing 0.5 and 1 M of (NH4)2SO4, but from the bath containing 1.5 M, Fe deposits with 
inhomogeneous surface are produced. When the magnification is increased (see insets in 
Figure 4.3), it is possible to resolve the morphology in more detail. Some holes and cracks are 
found in the sample obtained from the 1.5 M (NH4)2SO4 containing electrolyte, while for the 
other two concentrations, still homogenous surfaces are observed and only some small holes 
are detected in the sample obtained from the electrolytic bath containing 1 M (NH4)2SO4. 
 
Figure 4.3 Surface SEM images of Fe layers electrodeposited at -1.5 VMSE from electrolytes containing 
0.3 M H3BO3, 0.01 M FeSO4 and a) 0.5 M, b) 1 M, c)1.5 M of (NH4)2SO4. Insets: higher 
magnification SEM images. Red arrows indicate a hole and a crack. 
The difference in the surface morphology is provoked due to the decrease of the overpotential 
for HER as a consequence of the increase in the (NH4)2SO4 concentration which increases the 
HER rate. The strong production of hydrogen bubbles, consequently generated, reduces 
homogeneous electrodeposition and generates stress provoking the formation of cracks. 
On the basis of the above reported results, the studies related to the Mn electrodeposition have 
been performed with selected electrolytes containing 0.05 M of MnSO4 (five times higher than 
the optimized FeSO4 concentration) [52] and using (NH4)2SO4 concentrations of 0.5 M and 1 
M, which seems to be the best to reduce the HER and the formation of cracks. 
4.2 ELECTRODEPOSITION OF MANGANESE 
Although several studies reported the electrodeposition of metallic Mn, still nowadays it 
presents a challenge to obtain good quality films without the use of additives [3][95][96]. 
Electrodeposition conditions must be adjusted to the studied system. Therefore, this section 
focusses on the electrodeposition process of Mn from an electrolyte that will be compatible 
with the electrodeposition of Fe to subsequently, obtain electrodeposited FeMn alloys. 
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This section, devoted to the electrodeposition process of Mn, is divided in four parts. In the first 
part, the role of the different components of the electrolyte containing Mn2+ ions and their effect 
on the cyclic voltammetry measurements under natural convection is analysed. The second 
part is dedicated to the effect of the electrolyte flow on the pH value of the electrolyte during 
the electrodeposition process, a critical issue for further electrodeposition of FeMn films. The 
third part refers to the analysis of the chemical composition and the morphology of the obtained 
Mn deposits. To finalize this section, the fourth part focuses on the impact of the (NH4)2SO4 
concentration on the morphology and the chemical composition. The work described in the 
previous section 4.1 together with that reported in the section 4.2, is the basis for the 
identification of optimized conditions for the electrolyte design to obtain electrodeposited FeMn 
films presented in the following chapter 5. 
4.2.1 Electrochemical studies 
Firstly, the role of each chemical species present in the Mn2+ containing electrolyte is analysed 
by the CVs recording. (NH4)2SO4 is a common salt used as a supporting electrolyte in the Mn 
electrodeposition process due to the advantages that it is expected to offer, i.e. increasing the 
Mn2+ ion discharge ability and formation of dense and adhesive layers [2][71]. In the case of 
H3BO3, only very few studies have reported its use in the electrolyte for Mn reduction. Only its 
action as a buffer agent was mentioned without further information when the presence of 
H3BO3 in the electrolytic bath was reported [21]. Nevertheless, H3BO3 is often used for Fe 
electrodeposition and it was proven to improve the quality of the deposits [39]. The focus of 
this work is to obtain FeMn films by electrodeposition and the electrolyte bath has to meet the 
appropriate conditions that allow the co-deposition of both metals. For this reason, it is 
essential to include (NH4)2SO4 and H3BO3 in the electrolyte composition, which can be seen in 
the Table 4.1. 
 
Table 4.1 Composition of the electrolytes for the study of the electrodeposition of metallic Mn films 
(pH=3). 
 MnSO4  
 (M) 
Na2SO4  
 (M) 
H3BO3  
(M) 
(NH4)2SO4  
(M) 
Electrolyte A 
Electrolyte B 
Electrolyte C 
Electrolyte D 
Electrolyte E 
0.05 
0.05 
0.05 
0.05 
0.05 
0.1 
0.1 
- 
- 
- 
- 
0.3 
- 
0.3 
0.3 
- 
- 
1 
1 
0.5 
 
In the Figure 4.4a, CVs corresponding to electrolytes A-D (see Table 4.1) are presented. 
Electrolyte A, which only contains the Mn2+ ions precursor, MnSO4, and Na2SO4 as supporting 
electrolyte, does not reveal any current density peak corresponding to Mn reduction or 
oxidation when the potential is scanned from the OCP to -2.5 VMSE or in the opposite direction 
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from -2.5 VMSE to more positive potential values. Only a small decrease in the current density 
is observed at -1.2 VMSE in the cathodic polarization regime, which corresponds to the HER and 
the continue increase of the current density as consequence of the simultaneous water 
decomposition (see the top inset in the Figure 4.4a). 
In electrolyte B, H3BO3 was added. For this electrolyte, a change of the slope of the current 
density-potential curve in the cathodic scan is observed at -2.0 VMSE and it belongs to the Mn2+ 
reduction reaction. In the reverse scan, a peak with a maximum at the value of -1.75 VMSE 
appears, which was not visible in the CV recorded in the electrolyte A. This peak belongs to 
the Mn oxidation reaction (see bottom inset in Figure 4.4a) [108].  
 
Figure 4.4 a) CVs recorded in the electrolytes A-D (see composition in Table 4.1, pH=3). b) Schematic 
shifting of the potential values belonging to the Mn reduction (Mn2+/Mn) and Mn oxidation 
(Mn/Mn2+) reactions in the different electrolytes. Potential values were determined by visual 
inspection due to the change of colour of the surface electrode. Scan rate 20 mV/s and 
natural convection. 
In the case of electrolyte C, which only contains MnSO4 and (NH4)2SO4, a strong increase of 
the current density in the cathodic scan starting from a value of -1.5 VMSE is evident which is 
due to the enhancement of HER as a consequence of the NH4+ presence. In addition, only a 
very low intensity peak of Mn oxidation can be observed in the anodic scan of the potential. By 
visual inspection during the recording of the CVs, a change of the electrode surface colour 
corresponding to the Mn deposition is observed at a potential value of -2.4 VMSE approximately. 
The absence of the peak which belongs to Mn deposition is due to the overlapping with the 
strong HER induced. 
After evaluating the effect of each chemical species present in the Mn2+ containing electrolytes, 
CV of the electrolyte which contains all the chemical species (electrolyte D: MnSO4, H3BO3 and 
(NH4)2SO4) was recorded and analysed as well, and compared with the electrolytes A to C. 
The range of the current density measured in this electrolyte presents values between those 
measured in electrolytes A-B and C. When the potential is scanned to negative values, the 
current density starts to increase at -1.6 VMSE due to the HER and the slope changes at a value 
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of -2.1 VMSE indicating the start of the Mn2+ reduction reaction and deposition. In the reverse 
scan, an anodic peak develops at -1.75 VMSE, which indicates the oxidation of the Mn. When 
the potential values of the Mn2+ ions reduction and Mn oxidation are compared (Figure 4.4b), 
some conclusions can be extracted: Mn electrodeposition does not take place without the 
presence of H3BO3 and (NH4)2SO4 in the electrolyte. When these chemical species are added 
separately without the presence of the other (electrolytes B and C), potential values for 
reduction and oxidation differ by 300-400 mV. When both are added simultaneously to the 
electrolyte (electrolyte D), the potential values for the Mn reduction and oxidation reactions are 
close to the measured values in the electrolyte B. This last fact indicates a strong impact of the 
H3BO3 on the reduction of the Mn2+ ions, which shifts the deposition potential to less negative 
values. 
To better understand the effect of the different components of the electrolytes in the 
electrochemical processes, the distribution of the chemical species for the four Mn2+ containing 
electrolytes previously analysed is studied. The distribution of the chemical species vs. pH 
belonging to the electrolytes A to D were calculated by MEDUSA® and are plotted in the Figure 
4.5 (solid compounds have been left out of the calculation, see appendix I). It is clearly visible 
that the presence of (NH4)2SO4 allows the formation of Mn-NH3 complexes in the electrolytes 
C and D (see dotted square in Figure 4.5c and d) which are not present in the electrolytes A 
and B (see Figure 4.5a and b). The presence of those Mn-NH3 complexes stabilizes the region 
where the formation of Mn hydroxide takes place, shifting the pH value at which they are 
formed (see also Pourbaix diagram in the appendix III). In addition to the stabilization of the 
electrolyte, the formation of Mn-NH3 complexes increase the discharge ability of the Mn2+ ions, 
improving the electrochemical Mn reduction. J. Lipkowski and Z. Galus reported this effect in 
their work [71], which is explained in details in section 2.2.1. But the presence of those 
complexes also shifts to more negative values the applied potential necessary to obtain Mn 
deposits.  
On the other hand, H3BO3 does not affect the distribution of the chemical species (see Figure 
4.5a and b) or the complex formation in the case of the (NH4)2SO4 containing electrolytes (see 
Figure 4.5c and d). Therefore, the thermodynamic formation of complexes cannot explain the 
effect of H3BO3 on the reduction potential values. Referring to previous studies which proposed 
some explanations and hypothesis about the effect of H3BO3 for other metal electrodeposition 
processes [76][77], the following can be suggested: H3BO3 may adsorb onto the surface of the 
substrate blocking the active surface places for the hydrogen absorption, which could decrease 
the overpotential value needed to reduce the Mn2+ ions to metallic Mn by partially decreasing 
the H2 production due to the water decomposition. 
When both chemical species, (NH4)2SO4 and H3BO3, are present together in the electrolyte, a 
synergetic effect is appreciated in the shifting of the reduction potential necessary to obtain Mn 
deposits. In this case, in the electrolyte D, a reduction potential value is observed between the 
potential values when only one of the compounds is present in the electrolyte (electrolytes B 
and C).  
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Figure 4.5 Complexes distribution vs. pH calculated by MEDUSA® software in a) electrolyte A (I=0.5 
M), b) electrolyte B (I=2.3 M), c) electrolyte C (I=3.2 M) and d) electrolyte D (I=4.2 M). Solid 
compounds were left out of the calculation. 
In order to design a final electrolyte to obtain FeMn layers, the following results focus on the 
electrolyte D since the combination of H3BO3 and (NH4)2SO4 was found to be beneficial for the 
Mn electrodeposition in terms of shifting the reduction potential value to less negative values. 
This effect decreases the difference between the reduction potential values of Fe (-1.4 VMSE in 
the present work) and Mn (-2.1 VMSE). In addition, H3BO3 is required to obtain a good quality of 
the Fe deposits and it reduces the H2 production activity due to the water decomposition, which, 
in the case of the Mn electrodeposition, stabilizes the final deposits avoiding the disintegration 
of the Mn layers. 
To deeply characterize the cathodic reactions in the electrolyte D, potentiodynamic polarization 
studies in combination with EQCM measurements were performed in the cathodic 
compartment of the electrochemical cell (section 3.1, Figure 3.1). By means of the mass 
change of the EQCM, it is possible to distinguish between the Mn2+ reduction and the side 
reactions which are not related with mass change, such as HER or water decomposition. 
Figure 4.6 shows a CV recorded together with the corresponding mass change curve. From a 
starting value of -0.25 VMSE (OCP) the potential was scanned in the negative direction up to an 
end value of -3.0 VMSE. From a potential of -1.6 VMSE (I) the cathodic current density gradually 
increases but with no significant change in the corresponding mass curve. However, from -2.1 
VMSE (II) the slope of the current density vs. potential curve increases, which is related to an 
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increase of mass, visible in the dm/dt vs. potential curve. These features indicate the beginning 
of the Mn2+ reduction and deposition. 
At this very negative potential range, the metal ion reduction is superimposed by the HER and 
water decomposition (Eq. 2.33 and 2.34) which contributes to the total current density 
response, but not to the mass change in the electrode. In the reverse scan, a deviation in the 
current density curve shape begins at -1.98 VMSE and develops to a characteristic anodic peak 
with maximum at -1.75 VMSE (III). This is accompanied with a peak in the mass change curve, 
which corresponds to a loss of mass of the electrode indicating the oxidation of the deposited 
Mn and dissolution. From the analysis of those cyclic polarization curves, a suitable potential 
range for the following potentiostatic deposition experiments was derived from -2.4 to -2.6 
VMSE. 
 
Figure 4.6 CV and corresponding mass change curve measured in electrolyte D under electrolyte flow. 
Scan rate 20 mV/s. 
4.2.2 Electrolyte flow 
When the Pourbaix diagram in Figure 2.7a is considered, the control of the pH value becomes 
of crucial importance for the electrodeposition experiments. If the pH value increases to values 
higher than 8, Mn(OH)2 is expected to form and precipitate, therefore, the pH value of the 
solution must be kept at acid-neutral range and this holds also for further co-deposition of 
FeMn. A set of potentiostatic electrodeposition experiments was conducted at -2.4 VMSE and -
2.6 VMSE for 60 min, the two extremes of the potential range chosen, in the two-compartment 
cell under natural electrolyte convection. Additional potentiostatic tests were performed at -2.6 
VMSE, the potential value at which the strongest HER is expected, for 60 min under electrolyte 
flow in the cathodic compartment. The pH value in the cathodic compartment was measured 
during all the experiments. The results are shown in Figure 4.7. 
Without flow (natural convection of the electrolyte), within the first minutes of deposition, the 
pH value increases from 3 to 6 and upon prolonged deposition, the pH value rises more 
gradually up to 9. The more negative the applied potential, the faster is the increase of the pH. 
At these potential values, the HER and the water decomposition strongly superimposes as 
side reactions of Mn2+ reduction and cause therefore, a fast increase of the pH value in the 
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vicinity of the cathode surface and then, of the bulk electrolyte as consequence of the H+ 
consumption and OH- generation. 
 
Figure 4.7 Change of the pH value of the electrolyte in the cathodic compartment during 
electrodeposition studies. Electrolyte flow 5 mL/s. 
In such an environment the precipitation of Mn(OH)2 is expected and consequently, bad quality 
of the deposits. Electrolyte flow conditions were realized for deposition experiments and 
adjusted to 5 mL/s. Values corresponding to the pH during Mn deposition at -2.6 VMSE are 
shown in Figure 4.7. In this case, the measurement of the pH value demonstrates the perfect 
maintenance of a pH≈3, which is an optimum value for Mn deposition and needed for further 
codeposition with Fe. Consequently, further potentiostatic electrodeposition experiments in the 
following sections and chapters were performed under these electrolyte flow conditions.  
Figure 4.8 shows the current density transient curves measured at the three chosen applied 
potentials for the potentiostatic experiments.  
 
Figure 4.8 Current density transient curves measured at different applied potential values in the 
electrolyte containing 1 M (NH4)2SO4 (electrolyte D) under electrolyte flow conditions. 
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These curves reveal an increase (more negative values) of the mean current density level with 
the increasing applied potential, in a range between -60 and -100 mA/cm2. The curves also 
reflect periodic fluctuations, which are due to the evolution of hydrogen bubbles. These 
fluctuations always remain, even when electrolyte flow is applied in the cathodic compartment. 
The control of the pH does not affect the HER and the water decomposition. It only affects to 
the chemical formation and precipitation of Mn hydroxides. 
4.2.3 Morphology and chemical composition 
The analysis of the surface morphology and cross-section of the deposits obtained from 
potentiostatic experiments was performed by SEM. The applied potential had not a significant 
effect on the surface morphology, as obvious from the top view images in the insets of Figure 
4.9. In every case a porous and inhomogeneous surface with a needle-like shape (indicated 
by red arrows in the insets), as typical for the Mn oxides was observed [112]. However, the 
cross-section analysis of the deposits provided deeper information of the overall layer, as 
shown in Figure 4.9. Two regions with significantly different morphologies were detected: a 
porous-like layer on top (region A) and a thicker dense layer directly formed onto the gold layer 
of the substrate (region B). 
 
Figure 4.9 SEM cross section images of Mn films deposited at a) -2.4 VMSE, b) -2.5 VMSE and c) -2.6 
VMSE. Insets show the top view of the corresponding deposits, in which the yellow bar 
correspond to 1 µm. Region A: porous top layer; and region B: dense layer. Electrolyte D 
was used to obtain the films. Red arrows indicated the needle-like shape. 
EDX analysis confirmed the presence of Mn and O species. A more detailed chemical analysis 
of the electrodeposits was possible by means of GD-OES. Depth profiles of deposits obtained 
at -2.4, -2.5 and -2.6 VMSE are shown in Figure 4.10 as plots of the relative intensities of the 
element signals versus the sputtering time. In all depth profiles also two regions of the deposits 
are identifiable, i.e. an oxygen-rich outer layer and a main inner layer, mainly composed of Mn. 
The principal composition was very similar for all of them, but a broader range of constant 
relative intensity of the Mn signal within the depth profile was only observed for the films 
deposited at -2.5 and -2.6 VMSE, Figure 4.10b and c. 
In agreement with SEM cross-section analysis, GD-OES depth profiles also reveal that thicker 
layers were obtained, when the more negative potentials of -2.5 and -2.6 VMSE were applied. A 
sputtering rate of 12 nm/s was calculated using a massive metallic Mn material, which permits 
to convert the sputtering time into sputtered depth. However, this transformation is only valid 
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for the deposit region of pure Mn. The unknown exact composition and density of the top layer 
does not allow to apply the sputtering rate to this region [113]. The calculated thickness values 
for the Mn regions are indicated in the plots between doted lines in Figure 4.10 and indicate a 
thickness increase from ~500 nm to ~2 µm when the applied potential was more negative. 
 
Figure 4.10 GD-OES depth profile of Mn films deposited at a) -2.4 VMSE, b) -2.5 VMSE and c) -2.6 VMSE 
in electrolyte D. Emission lines: Mn 403 nm, O 130 nm, Si 288 nm and Au 479 nm. 
In order to clarify the nature of the oxygen-rich outer layer of the deposits, depth profiling 
analysis was done by means of XPS. Figure 4.11 shows detailed XPS spectra of the Mn2p 
and O1s at different sputter depths measured for a Mn layer which was electrodeposited at       
-2.6 VMSE. The O1s spectrum can be deconvoluted into three constituents corresponding to 
different oxygen-containing chemical bonds: water molecule (H-O-H) at 531.8-532.8 eV, 
hydroxide (Mn-O-H) at 532.5-531.5 eV and oxide (O-Mn-O) at 529.3-530.0 eV [114][115]. 
However, in the present spectra only hydroxide and oxide bonds were present; the contribution 
of the chemical bond in the water molecule was very low so that it was not taken into 
consideration. In the O1s spectrum measured on the non-sputtered deposit surface, a 
characteristic peak corresponding to hydroxide (Mn-O-H) at 531.8 eV with a smooth shoulder 
around a value of 530 eV which corresponds to the oxide (O-Mn-O bond) was identified. In the 
spectrum corresponding to Mn2p, two peaks centered at the values of 642.2 eV and 654.07 
eV confirm the presence of mainly Mn oxy-hydroxide (MnOOH) and Mn oxides (MnO2) species 
[116]. After a first sputter step (50 nm depth), the O1s and Mn2p peaks shifted to lower binding 
energies, centred at 530.0 eV and 653.2 and 641.3 eV, respectively. This shifting of these 
peaks indicates that below the surface formed by Mn hydroxides, those start to disappear and 
a different Mn oxide in form of MnO is identified. In addition, after the first sputter step a strong 
change in the O1s peak and a small shift in the Mn2p peak around the value of 641 eV and 
653.2 eV can be observed. This points to a conversion from MnO2 and MnOOH at the outer 
surface to MnO, which could be forced by the Ar+ sputtering process and the high chemical 
reactivity of Mn. 
At a sputter depth of 100 nm or more, emergence of the peaks related to the metallic Mn, 
Mn(0), at binding energy values of 638.9 and 650 eV occurred (whereby the metal:oxide peak 
height ratio increased with sputter depth, see also the at.% composition in Table 4.2). Also, a 
broad peak can be distinguished around the value of ~658 eV which may correspond to MnO 
(oxidation state of Mn(II)) or may correspond to a satellite peak of the 650 eV peak. However, 
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in previous studies, researchers have analysed in detail the Mn oxidation states using the 
Mn2p lines due to they are the most intense lines and they are not susceptible to potential 
interferences from other species. 
 
Figure 4.11 XPS spectra of Mn 2p (left) and O 1s (right) states of a Mn film electrodeposited at -2.6 
VMSE in electrolyte D under electrolyte flow. 
The results have not been accurate due to the proximity between the values of the binding 
energy for the different oxidation states of Mn [116]. Despite this limitation and considering that 
the used energy in the present analysis was not high enough to resolve these peaks, it is 
suggested that the surface of the Mn layer is mostly composed of species in states of Mn(III) 
and Mn(IV), which convert to Mn(II) state after sputter depths of 50 nm or more. At the same 
time Mn in metallic form, Mn(0), appears. The formation of the oxidized species in the surface 
can follow the reactions specified in eq. 2.25-2.26 and 4.1-4.2 [67]. 
2Mn(OH)2 + O2 → 2MnO(OH)2                                                (4.1) 
2Mn(OH)2 → 2MnO + 2H2O                                                   (4.2) 
XPS results are in good agreement with the results obtained by GD-OES, which confirms a 
high purity of the deposits especially for those synthesized in the electrolyte D (1 M (NH4)2SO4). 
These results obtained from surface analytical techniques demonstrate that electrodeposition 
of Mn layers from an aqueous (NH4)2SO4-MnSO4 bath under electrolyte flow with a constant 
pH≈3 is possible. SEM and GD-OES depth profile analyses demonstrate that the thickness of 
the metallic layer is controlled by the applied potential. However, an outer oxidized layer region 
is always present. The SEM cross-section analysis reveals porous layers only on top of the 
films and GD-OES depth profiling does not identify oxygen inside the layer. Therefore, it is 
reasonable to attribute the formation of the porous layer to the fast oxidation of the material in 
particular in the last period of the experiment when the applied potential is switched off and the 
electrode remains in the electrolyte under open circuit conditions since Mn is highly reactive in 
the contact with water (see eq. 2.25 and 2.26); rather than hydroxide precipitation would occur. 
It is the oxidation of the Mn deposit which generates the formation of a surface porous layer 
4 ELECTRODEPOSITION OF IRON AND MANGANESE AS SINGLE METALS 
 
58 
due to the Mn (hydro-)oxides have a lower density than metallic Mn and, hence, the volume is 
shrunk. 
 
Table 4.2 Atomic concentration of Mn 2p and O 1s at different depths of a Mn film electrodeposited at  
-2.6 VMSE in electrolyte D under electrolyte flow.  
 Non-sputtered 50 nm 100 nm 160 nm 
Mn 2p (at.%) 30.84 53.62 62.92 67.58 
O 1s (at.%) 69.16 46.38 37.08 32.42 
 
4.2.4 Effect of ammonium sulphate concentration 
In order to assess the effect of the (NH4)2SO4 concentration, an indispensable specie for the 
electrodeposition process of Mn, the electrolyte containing 1 M (electrolyte D) and a second 
electrolyte with 0.5 M of (NH4)2SO4 (electrolyte E) were chosen. The concentrations of MnSO4 
and H3BO3 remained equal to those used in the previous experiments. Films were 
potentiostatically deposited at -2.6 VMSE for 60 min under electrolyte flow. The analysis of the 
surface morphology of the deposits was performed by SEM and an evident effect on the 
roughness was revealed. Deposits obtained in the electrolyte with 0.5 M (NH4)2SO4 (electrolyte 
E) were generally smoother, see Figure 4.12a left. However, deposits synthesized at both 
concentrations of (NH4)2SO4 show a surface needle-like morphology typical for Mn oxides, 
indicated by red arrows in Figure 4.12a. 
The (NH4)2SO4 addition was found to be essential to achieve a good quality and coverage of 
the deposits from MnSO4 baths by previous researchers [2] and its key role was also analysed 
of the CVs presented in the section 4.2.1. Further, from Figure 4.12a, it is obvious that the salt 
concentration in the electrolyte has a significant effect on the roughness of the surface of the 
deposits. The roughness increase can be attributed to an enhancement of the HER which is 
caused by an increase of the concentration of (NH4)2SO4. This was confirmed by 
potentiodynamic polarization studies. Figure 4.13a shows the cathodic branches of the 
potentiodynamic polarization curves recorded in the electrolytes containing 0.5 M and 1 M of 
(NH4)2SO4 in a potential range between -0.9 V and -2.1 VMSE. In this region only the HER and 
water decomposition occur and the significant difference between the two slopes is evident. A 
more pronounced rise of the cathodic current density occurs in the electrolyte containing 1 M 
(NH4)2SO4, indicating that an increase of (NH4)2SO4 concentration increases the water 
decomposition rate, indicated in Figure 4.13a by the red arrows. In addition, an increase of the 
HER rate is also observed when the (NH4)2SO4 concentration increases as well as a small 
decrease of the overpotential for HER. This is due that the NH4+ ion provides additional H+ that 
can be reduced. 
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Figure 4.12 a) SEM surface images of Mn films electrodeposited from 0.5 M (left) and 1 M (right) 
(NH4)2SO4 (electrolytes E and D, respectively); b) GD-OES depth profile of a Mn film 
deposited at -2.6 VMSE in the electrolyte containing 0.5 M (NH4)2SO4 (electrolyte E). All of 
them are electrodeposited under electrolyte flow. 
Also for the films which were potentiostatically deposited in this part of the study, EDX analysis 
confirmed the presence of Mn and O species. To obtain deeper information about the 
chemistry of the deposits, depth profile analysis was performed once again by means of GD-
OES. Figure 4.10c shows the depth profile analysis of the deposit synthesized at -2.6 VMSE in 
the electrolyte containing 1 M (NH4)2SO4. On comparison, the depth profile obtained for the 
layer synthesized in the electrolyte with 0.5 M (NH4)2SO4 revealed a much thinner Mn film (see 
Figure 4.12b), i.e. only 700 nm instead of 2 µm, which is again derived from the profile region 
where the Mn signal intensity is constant. This confirms that (NH4)2SO4 enhances the Mn2+ 
reduction reaction as it was proposed in previous studies [2][71]. This is the more pronounced, 
the higher the salt concentration is. On the other hand, in the depth profile of the layers 
synthesized in the electrolyte with lower concentration of (NH4)2SO4, also a strong signal of 
boron (B) appears (see also XPS spectra in appendix IV). The signal is stronger at the surface, 
decreases along the metallic Mn region, remaining still strong, and disappears when the 
sputtering process reaches the substrate as it can be appreciated in Figure 4.12b. The lower 
ammonium salt concentration is very close to the value of H3BO3 concentration. This condition 
allows that the H3BO3 plays a more important role in the electrodeposition process. In previous 
studies related to the deposition of different systems, H3BO3 can be adsorbed at the cathode 
surface or in specific crystal orientation of the electrodeposited material [78]. It can be 
suggested that similar events occur in the studied system in the present work and that they 
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may be the reason of the presence of B at the surface and inside of the Mn layer. However, it 
cannot be experimentally confirmed. The presence of B reduces the purity of the Mn layers 
and may be the reason of the more inhomogeneous films obtained. In addition, the presence 
of B in the final Mn layers does not follow the restriction to develop a sustainable deposition 
route for Mn films. 
 
Figure 4.13 a) Zoom of the cathodic scan of the cycle 1 of the potentiodynamic polarization curves 
recorded in the electrolytes containing 0.5 M and 1 M of (NH4)2SO4 under electrolyte flow. 
Red arrows correspond to the value of the water decomposition. Green and black arrows 
correspond to the HER potential value in the electrolytes containing 0.5M and 1 M 
(NH4)2SO4, respectively. Inset: detail of the cathodic scan in the potential range between   
-0.9 and -1.5 VMSE. Scan rate 20 mV/s. b) XRD patterns of Mn films synthesized at -2.6 
VMSE in electrolytes containing 0.5 M and 1 M of (NH4)2SO4 under electrolyte flow. Indexed 
with the visible reflections of the I-43m structure type Mn. 
Moreover, the crystallographic structure of the Mn films prepared at different concentrations of 
(NH4)2SO4 was studied by XRD and the obtained patterns are shown in Figure 4.13b. Apart 
from the background and reflections originating from the substrate (Au on Si-glass), the other 
reflections are indexed by an α-Mn structure type model space group I-43m, assigned to the 
structure model published by Bradley and Thewlis [117]. However, only the (411) main 
reflection with very small intensity was found for the Mn layer deposited from the electrolyte 
containing 0.5 M (NH4)2SO4. This suggests that the deposits synthesized with 0.5 M (NH4)2SO4 
containing electrolyte are not only morphologically refined but are also mainly nanocrystalline. 
This should be explained together with GD-OES results. The small intensity of the main 
reflection may be a consequence of the thinner thickness of the layer, 700 nm obtained by GD-
OES and the presence of B into the layer, which could refine the structure. 
Altogether, concentration of (NH4)2SO4 in the electrolyte has a strong impact on the deposited 
Mn layers. A reduced concentration of 0.5 M (NH4)2SO4 leads to a smoother surface, much 
lower thickness of the fine crystalline Mn deposits and also to a significant B incorporation in 
the layer. However, 1M (NH4)2SO4 containing electrolytes lead to a constant Mn content without 
impurities in the deposits, a higher thickness and a better crystallinity of the films. Hence, 1 M 
(NH4)2SO4 seems to be the optimum concentration to continue with the codeposition of FeMn 
which is presented in the next chapter.
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5 ELECTRODEPOSITED AND MAGNETRON CO-
SPUTTERED IRON-MANGANESE ALLOYS 
This chapter exploits the conclusions obtained from the previous chapter 4, which are applied 
to optimize the electrodeposition set-up, to design the electrolyte and the electrodeposition 
process for FeMn layers. For comparison, reference FeMn films with controlled Mn content 
obtained by magnetron co-sputtering are also investigated. 
The present chapter explains the electrodeposition process to obtain FeMn films in detail. 
Chemical, morphological and structural characterization is carried out by means of different 
techniques. The first section of this chapter is devoted to electrochemical studies using the 
different electrolytes containing FeSO4 and MnSO4 salts as a metallic ion (Fe2+ and Mn2+) 
source without and with glycine as complexing agent. Glycine was chosen as a complexing 
agent to add into the electrolyte due to its positive effect on Fe-based and Mn-based alloy 
electrodeposition in previous studies [90][100][101][118], i.e. increase of the Mn content or 
improvement of the quality of the deposits. All the electrodeposited Fe-Mn films were deposited 
at an applied potential value of -2.2 VMSE during 20 min under electrolyte flow in order to control 
the pH value of the solution.  
The second section is devoted to the study of the role of the glycine in the electrolyte and the 
electrodeposition process. The third part is dedicated to the chemical characterization of the 
deposits, analysed by means of EDX and GD-OES. The fourth section refers to the analysis 
of the morphology of the deposits. The fifth part is devoted to the elucidation of the crystal 
structure of the deposits, performed by XRD and TEM analysis, and the sixth describes the 
analysis of the magnetic properties. To finalize this chapter, the last two sections focus on the 
(bio-)degradation properties of the FeMn layers investigated by means of electrochemical 
corrosion analysis and in vitro cell biology test. 
5.1 ELECTROCHEMICAL STUDIES OF THE FE2+/MN2+ CONTAINING 
ELECTROLYTES 
After the analysis of the Fe2+ or Mn2+ containing electrolytes and the films obtained from them 
in the previous chapter, in this section the electrolytes containing both metal ions are studied. 
The optimized compositions to perform the electrochemical characterization of the electrolytic 
baths are shown in Table 5.1. 
Only a few studies have reported the electrodeposition of FeMn and the characterization of 
Fe2+/Mn2+-containing electrolytes [19][65][119]. Therefore, the initial analysis of the CVs 
recorded in the electrolyte 5:1, which contains the metallic ions precursor salts (MnSO4 and 
FeSO4), was necessary and is presented in Figure 5.1a represented by the blue line. As in the 
previous studies, the potential was scanned in the negative direction from a starting value 
corresponding to the OCP (-0.17 VMSE) up to an end value of -2.7 VMSE. From a potential -1.5 
VMSE the cathodic current density gradually increases and, at -1.75 VMSE¸ a change in the slope 
is observed. But no clear peaks can be distinguished, and the superimposed HER and water 
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decomposition reactions do not allow to distinguish which electrochemical reactions take place 
at this very negative range. In the reverse scan, the current density vs. potential curve 
continuously decreases till the value of -1.20 VMSE at which a peak appears (P1). When the CV 
of the electrolyte 5:1 is compared with the CV of the electrolyte which only contains FeSO4 
(green line in Figure 5.1a), this value overlaps with the oxidation potential of Fe. Therefore, it 
can be attributed to the oxidation and dissolution of the electrodeposited metallic Fe. When the 
potential scan continues to more positives potential values, a second peak at -0.85 VMSE 
appears (P2). This peak does not appear when the CV is recorded in electrolytes containing 
only one of the metallic salts (see Figure 5.1a). Hence, potentiodynamic experiments with the 
electrolyte 5:1 are presented in the following in order to clarify the nature of this peaks. 
Table 5.1 Electrolytic bath composition and nomenclature for the electrodeposited FeMn films (each 
bath contains additionally 1 M (NH4)2SO4 and 0.3 M H3BO3 with a pH=3). 
Nomenclature of 
electrolytes and 
resulting films 
MnSO4 
(M) 
FeSO4 
(M) 
Ratio 
Mn2+:Fe2+ 
Glycine 
(M) 
5:1 0.05 0.01 5:1 - 
5:1+gly 0.05 0.01 5:1 0.01 
100:1 0.5 0.005 100:1 - 
100:1+gly 0.5 0.005 100:1 0.005 
Figure 5.1b shows the potential range between the values -1.25 and -0.5 VMSE of the CVs 
which were recorded from the OCP up to different end potentials values (from -1.6 to -2.6 VMSE) 
in the electrolyte 5:1. This potential range between -1.25 and -0.5 VMSE in the reverse scan is 
of great importance due to the development of two peaks, which do not appear in the CVs 
recorded in the FeSO4- and MnSO4-containing electrolytes. The cathodic scan of the potential 
does not reveal any information due to the overlapping of several reactions, only the scan of 
the potential to positive values reveals changes. Peak P1 which corresponds to the Fe 
oxidation and dissolution is present in every CV and its intensity increases when the end 
potential in the cathodic scan is increased. This is only due to a higher amount of Fe 
electrodeposited. On the other hand, the peak P2 only appears when the potential scan is 
reversed at high negative values at which Mn reduction takes place. Hence, peak P2 may be 
attributed to the dissolution of a new Mn-containing phase.  
In order to demonstrate if this peak belongs to the formation of a FeMn phase, potentiodynamic 
measurements were performed to study the effect of the FeSO4 and MnSO4 concentration in 
the peak P2. Figure 5.1c shows the CVs recorded in different electrolytes in which the 
concentration of MnSO4 was maintained constant (0.05 M) and the FeSO4 concentration 
increased from 0.01 M to 0.07 M. For this case, the current density intensity of the peaks P1 
and P2 increases together with the increase of the FeSO4 concentration. This shows a direct 
influence of the Fe2+ ions concentration, which means that both peaks are related to the 
dissolution of cathodically deposited Fe-based phases. Figure 5.1d shows the CVs recorded 
in the opposite situation, i.e. the FeSO4 concentration was maintained constant (0.03 M) and 
the MnSO4 concentration was increased from 0.01 M to 0.15 M. When the MnSO4 increases, 
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peak P1 is not affected by the concentration of Mn2+ ions, only a difference is visible in the 
electrolyte containing 0.01 M of MnSO4 due to the concentration of Fe2+ ions is higher than the 
one of Mn2+ ions. For the case P2, the intensity of current density slightly decreases, but the 
maximum shifts to more negative potentials. The influence of the Mn2+ concentration on the 
P2 peak means that it is related to a Mn-based phase. Altogether, it is confirmed that peak P2 
is related to a FeMn-based phase. 
 
Figure 5.1 a) CVs recorded in the electrolytes containing only one of the metallic salts (green line: 0.01 
M FeSO4, 0.3 M H3BO3 and 1M (NH4)2SO4; blue line: 0.05 M FeSO4, 0.3 M H3BO3 and 1M 
(NH4)2SO4) and the electrolyte containing both metallic salts (red line: electrolyte 5:1, see 
Table 5.1). b) Zoom of the region between -1.25 and -0.5 VMSE of b) the reverse scan of the 
CVs recorded in electrolyte 5:1 up to different end potential values. c) CVs recorded in 
electrolytes with different concentration of FeSO4 (0.05 M MnSO4, 0.3 M H3BO3 and 1 M 
(NH4)2SO4) and d) CVs recorded in electrolytes with different concentration of MnSO4 (0.03 
M FeSO4, 0.3 M H3BO3 and 1 M (NH4)2SO4). 
The cathodic reduction of the Fe2+ and Mn2+ ions cannot be distinguished in the CV presented 
in Figure 5.1a corresponding to the electrolyte 5:1. Very negative potential ranges had to be 
analysed in the performed studies, where HER and the water decomposition superimpose the 
metal ion reduction and these reactions contribute to the total measured current density. By 
means of simultaneous CV and EQCM measurements this problem can be solved due to the 
possibility to distinguish between the metal ions reduction which lead to metal deposition and 
the side reactions like HER and water decomposition, since the first leads to mass changes. 
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Therefore, to obtain deeper information, characterization of the cathodic reaction in Mn2+/Fe2+ 
containing electrolytes (see chemical compositions of the electrolytes in Table 5.1) was 
performed electrochemically by means of potentiodynamic polarization experiments (CV) in 
combination with EQCM measurements, as in the previous chapter for Fe and Mn 
electrodeposition.  
In order to better understand the following results, Figure 5.2 shows a scheme that illustrates 
the formation and dissolution of the film in relation to the electrochemical response which is 
measured in the electrolyte 5:1, as an example. The left graph corresponds to the cathodic 
polarization curve, where the potential was scanned from the OCP till -2.7 VMSE and the 
reduction reactions occur. In the green region, the HER starts, i.e. first gas bubbles are visible 
and only some fluctuations are observed in the dm/dt vs. potential curve due to the interaction 
between the liquid medium and the quartz and the detachment of the bubbles. When the 
potential scan continues to more negative values, the dm/dt vs. potential curve drops down, 
which is related with a mass deposition process corresponding to the Fe2+ reduction (1) (Fe 
film deposition) on the Au/quartz electrode. When the scan of the potential continues, a second 
change in the dm/dt vs. potential curve is observed. This change corresponds to the start of 
the Mn2+ reduction that together with the Fe2+ reduction, and HER as a side reaction, gives as 
a result the formation of the FeMn film (2). A difference between values of the Fe and Mn 
reduction potential is observed in comparison with the values measured in the electrolytes 
containing only FeSO4 or MnSO4 as metallic ion precursor. Fe reduction potential shifts to more 
negative values (see also Figure 4.2), while Mn reduction potential shifts to less negative 
potential value (see Figure 4.6).  
 
Figure 5.2 Scheme of the formation and dissolution of the film during the recording of the CV in the bath 
5:1. Measurement conditions: electrolyte flow, scan rate of 15 mV/s and pH=3. 
After reaching the cathodic end value of -2.7 VMSE, the potential is scanned back to more 
positives values giving as a result the reverse polarization curve which is shown on the right 
graph (Figure 5.2). Firstly, the FeMn deposition continues and the film thickness increases (3) 
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due to the potential is still negative enough to reduce both metal ions (Fe2+ and Mn2+) 
simultaneously. Afterwards, when the potential reaches the range of ≈ [-1.75 VMSE, -1.5 VMSE], 
the potential is only enough negative to reduce the Fe2+ ions, as previously in the cathodic 
scan and an Fe layer starts to form on top of the FeMn layer (4). When the scan of the potential 
progresses, the HER decreases its intensity and the gas bubbling finally disappears at -1.2 
VMSE. At the same potential value, a current density peak with a corresponding change in the 
dm/dt curve indicates the dissolution of the Fe top layer (5) and subsequently the dissolution 
of the FeMn layer (6) together with the continuous Fe oxidation to Fe2+ ions. 
After a schematic and simple explanation of the main results obtained from the analysis of a 
CV measured in the 5:1 electrolyte, Figure 5.3 shows typical CVs obtained in quiescent 
conditions together with the corresponding mass change curves recorded in the optimized 
electrolytes used in this work to obtain later FeMn films, including the electrolytes which contain 
glycine as complexing agent: 5:1, 5:1+gly, 100:1 and 100:1+gly (see Table 5.1). Magnifications 
of the potential region between -1.25 and -2.0 VMSE of the CVs and the mass change curves 
are presented in Figure 5.4a and b, respectively. The cathodic polarization curves show a 
similar behaviour for all electrolytes. For potentials more negative than -1.2 VMSE, an increase 
of the cathodic current is observed but no significant change in the corresponding mass change 
curves is detected, which indicates that the HER is the only electrochemical reaction occurring. 
This observation is also confirmed by visual inspection during the process, in which the 
formation of gas bubbles is clearly observed. However, for potentials more negative than -1.45 
VMSE (peak I) the slope of the current density vs. potential curves slightly increases and related 
to this, also an increase in the mass change curves is observed. This indicates the onset of 
the Fe2+ reduction and deposition (Figure 5.3a and Figure 5.4b). The negative shift of the 
reduction potential of Fe in comparison with the one observed in previous studies [63] is due 
to the presence of Mn2+ ions in the electrolyte. A second peak (II) in the mass change curve is 
observed at -1.75 VMSE, indicating the Mn2+ reduction and deposition of Mn (Figure 5.3a and 
Figure 5.4b). As it was mentioned, this last value is shifted to a less negative potential value in 
comparison with the Mn2+ containing electrolyte (see Figure 4.6) which means that Mn 
deposition is induced by the Fe deposition which has been also observed in electrodeposition 
from organic baths [19]. However, this reaction is not clearly reflected in the current density vs. 
potential curve due to the concomitant HER and water decomposition. 
When the potential is scanned in the reverse direction, the electrolytes containing a 
[Mn2+]:[Fe2+] concentration ratio of 5:1 exhibited different anodic response with respect to the 
electrolytes with a [Mn2+]:[Fe2+] ratio of 100:1. In the 5:1 electrolytes, the current density 
continuously decreases due to the lowering of the HER and therewith water decomposition. 
Nevertheless, the mass deposition slowly continues, as displayed in Figure 5.3a, until -1.4 
VMSE. At -1.2 VMSE, an anodic peak develops (III), which is accompanied by a peak in the mass 
change curve (Figure 5.3a). This indicates a mass loss of the electrode and it is attributed to 
the Fe oxidation and dissolution. Subsequently, a new current density peak appears at -0.85 
and -0.8 VMSE (IV) with a corresponding loss of mass indicating once again dissolution. These 
values correspond to the potential at which a change of the slope of the current density vs 
potential curve is visible, and not to the maximum. This peak (IV, which is also called P2 in 
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Figure 5.1) is related to the dissolution of a FeMn-based as it was previously mentioned. In 
addition, EQCM measurements support this statement, as no oxidation peak was observed at 
the Mn oxidation potential value (-2.0 VMSE) [108] but the reduction of Mn2+ ions at -2.2 VMSE 
was. 
 
Figure 5.3 CVs and corresponding mass change curves measured in electrolytes a) 5:1 without and 
with glycine and b) 100:1 without and with glycine. Scan rate: 15 mV/s, quiescent conditions 
and pH=3. (I) Fe2+ → Fe; (II) Mn2+ → Mn; (III) Fe → Fe2+; (IV) FeMn phase dissolution; (V) 
Mn → Mn2+. Red star: chemical and electrochemical dissolution of the Mn and Fe 
hydroxides/oxides. 
In the reverse scan recorded in the electrolytes containing a ratio [Mn2+]:[Fe2+] of 100:1, the 
peak of Mn dissolution (V) is observed at -1.70 VMSE (see the green star in Figure 5.4a and b) 
with a corresponding peak in the mass change curve. This peak is the result not only of the 
electrochemical dissolution of the metallic Mn but also of the chemical dissolution contribution 
of Mn oxides (MnO). The formation of the latter compounds might be consequence of the local 
increase of the pH value near the cathode as a consequence of the HER and water 
decomposition. In addition, this peak is positively shifted in comparison with the typical 
potential value for the dissolution of metallic Mn (-2.0 VMSE) observed in the section 4.2.1, 
Figure 4.6, as consequence of the electrolyte composition. When the potential is further 
scanned in the positive direction, another peak appears with a coinciding loss of mass at -1.28 
VMSE. This corresponds to the chemical dissolution and electrochemical oxidation of the 
electrodeposited Fe-containing compounds (Fe3O4 and (FeO)0.798(MnO)0.202). It is difficult to 
determine the specific compounds or phases only by the analysis of the CVs but the presence 
of these compounds is confirmed by TEM and discussed in the section 5.5 of the present 
chapter. Considering these results, these electrolytes do not yield metallic FeMn films. The 
corresponding current peak (and corresponding mass loss) for anodic FeMn dissolution at          
-0.80 VMSE is not observed. This statement is also confirmed in the section 5.5. 
From these cyclic polarization studies, it is evident that the concentration ratio between Mn2+ 
and Fe2+ ions in the electrolyte is critical for the film formation. The electrolytes that contain an 
ion ratio [Mn2+]:[Fe2+] of 5:1 can be used to produce metallic FeMn films, while electrolytes with 
a ratio of 100:1 only lead to Fe and Mn oxides-based films. These statements are verified and 
explained in the next sections (chemical composition, morphology and structural 
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characterization of the obtained layers). 
 
Figure 5.4 (a) Detail of the current density curve and (b) detail of the mass change in the potential range 
between -1.25 and -2.0 VMSE of the electrolytes 5:1, 5:1+gly and 100:1+gly. Scan rate: 15 
mV/s, natural convection of the electrolyte and pH=3. 
Based on the analysis of these cyclic polarization measurements, a suitable potential range 
from -1.9 to -2.2 VMSE for the potentiostatic deposition experiments was defined. First studies 
(see Figure in appendix V) revealed that potential variations within this range did not have any 
significant effect on the obtained layer characteristics except the thickness. This feature 
supports a charge-transfer controlled electrodeposition process. Nevertheless, dm/dt vs. 
potential curves (Figure 5.4b) suggest that the process is mass-controlled since a decrease of 
the deposited mass is observed when the applied potential becomes more negative. 
Altogether, both observations imply a both mass- and charge-controlled process. Finally, an 
applied potential of -2.2 VMSE was selected for potentiostatic electrodeposition experiments 
with deposition time varying between 10 and 20 minutes, which allows to obtain films with an 
average thickness of 1-2 μm. The nomenclature of the films is shown in Table 5.1, which also 
matches with the nomenclature of the electrolytes. 
Within the evaluated conditions, the addition of glycine as a complexing agent has a slight 
impact on the electrochemical behaviour of the electrolyte, as visualized by comparing the CVs 
and their corresponding mass change curves for all electrolytes without and with glycine in 
Figure 5.3. Small differences were observed for peak (IV) in the CVs corresponding to the 
dissolution of the metallic FeMn compound. A deeper analysis of the role of the glycine in the 
electrodeposition process and its effect in the characteristics of the layers will be explained in 
the next sections.  
5.2 ROLE OF GLYCINE  
As it was introduced and explained in the section 2.1.5 and section 2.2.3, the addition of 
complexing agents to the electrolytic baths can improve the quality of the deposits by 
interfering in the electrodeposition process. In the present work, glycine is chosen as a 
complexing agent due to several reasons. Firstly, glycine is not toxic to humans, which is an 
important aspect regarding the sustainability of the electrolyte and the possibility that the 
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complexing agent might be incorporated in the FeMn deposits, and therewith influences their 
biocompatibility characteristics. Additionally, glycine can form thermodynamically more stable 
complexes with Fe2+ than with Mn2+ which might affect the reduction kinetics of the formers 
and therefore, have an impact on the chemical compositions of the obtained electrodeposits. 
Glycine is an amino acid, which undergoes the following chemical equilibrium in aqueous 
solution: 
H2gly
+ ⇌ H+ + Hgly                                                         (5.1) 
Hgly ⇌ H+ + gly−                                                           (5.2) 
These equilibria yield to find different forms of the molecule in dependence of the pH value 
(see also Figure 2.9 in chapter 2) of the solution. Eq. 5.1 corresponds to the carboxyl group 
deprotonation, resulting in the zwitterion (Hgly that can be written also as H(gly)±), and Eq. 5.2 
corresponds to the amine group deprotonation [120]. Glycine is a known bidentate ligand, 
binding metal ions through the carboxyl and amine functional groups forming complexes. It 
forms different complexes with Fe2+ and Mn2+ when it is present in its zwitterion form at acidic 
pH values, being thermodynamically more stable the formed complexes with Fe2+ than with 
Mn2+ [102] [103] as it was described in the section 2.2.3. 
In the present study, it must be considered that even when the electrodeposition process takes 
place under electrolyte flow and the pH value of the bulk electrolyte is maintained constant 
(pH=3), the pH value near to the electrode surface is subjected to strong changes as a 
consequence of the HER and the appearance of OH‒ due to the water decomposition. Due to 
the shift of the pH to basic values, glycine can consequently be deprotonated and form the 
glycinate ion (gly-). This glycinate ion is able to form five-member chelate rings with Fe2+ and 
can be also expected for Mn2+ [118][121]. Three complex species formed with Fe2+ (eq. 5.3 to 
5.5) and two with Mn2+ (eq. 5.6 and 5.7) in the electrolytes used in the present work (see their 
structure in chapter 2, Figure 2.10). The formation of the Fe-complex species with the glycinate 
ion takes place following the reactions (obtained by MEDUSA®): 
Fe2+ + gly− ⇌ Fe(gly)+                                                    (5.3) 
Fe(gly)+ + gly− ⇌ Fe(gly)2                                                 (5.4) 
Fe(gly)2 + gly
− ⇌ Fe(gly)3
−                                                 (5.5) 
and Mn-complex species with the glycinate ion are formed as follows (obtained by MEDUSA®): 
Mn2+ + gly− ⇌ Mn(gly)+                                                 (5.6) 
Mn(gly)+ + gly− ⇌ Mn(gly)2                                             (5.7) 
The distribution of these complexes together with all the soluble species which can be formed 
in the electrolyte solutions is presented in Figure 5.5 as the fraction of Fe2+, Mn2+, gly- and NH3 
vs. pH value obtained by MEDUSA® software calculations. 
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Figure 5.5 Distribution of species depending of the pH calculated by MEDUSA® software at 25°C of the 
electrolyte 5:1+gly (I=4.73 M): a) glycinate fraction, c) Mn2+ fraction, e) Fe2+ fraction and g) 
NH3 fraction; and electrolyte 100:1+gly (I=6.52 M): b) glycinate fraction, d) Mn2+ fraction, f) 
Fe2+ fraction and h) NH3 fraction. Solid compounds were left out of the calculations. 
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When the pH value near the electrode surface increases, the proton belonging to Hgly± is 
exchanged by an Fe2+ ion or Mn2+ ion forming the complex Fe(gly)+ and Mn(gly)+. The fraction 
of these complexes and the starting pH value at which they are formed vary depending on the 
electrolyte composition. In the electrolyte 5:1+gly, the formation of Fe(gly)+ occurs at slightly 
lower pH values than for Mn(gly)+. Between the pH value of 6 and 8, similar fraction of Fe(gly)+ 
and Mn(gly)+ complexes is observed and only when the pH value is higher than 8, a slight 
fraction of Mn(gly)+ is observed (see Figure 5.5a). On the other hand, in case of the electrolyte 
100:1+gly, formation of Mn(gly)+ occurs at lower pH values than in the 5:1+gly electrolyte and 
than Fe(gly)+. Note that the fraction of Mn(gly)+ found in the electrolyte 100:1+gly is almost 8 
times higher than Fe(gly)+ fraction as Figure 5.5b reveals. 
Kowalska and coworkers [118] reported a lower Fe reduction/deposition rate in glycine-
containing electrolytes, taking place through the reaction 
Fe(gly)+ + 2e− → Fe + gly−                                                  (5.8) 
rather than through the reaction of the hydrated Fe2+ ion: 
[Fe(H2O)6]
2+ + 2e− → Fe + 6H2O                                           (5.9) 
They suggested the adsorption of Fe(gly)+ at the potential regions where Fe deposition occurs. 
This might be the reason that in the present study for a lower deposition rate observed in the 
dm/dt vs potential curve corresponding to the electrolyte 5:1+gly in Figure 5.4b. The Mn(gly)+ 
complex could undergoes a similar reaction due to the lower mass deposition which is 
observed in the corresponding curve in Figure 5.4b. A decrease in the slope of the mass 
change curve after the peak at -1.6 VMSE recorded in the glycine-containing bath compared 
with that obtained in the electrolytes 5:1 glycine-free and 5:1+gly bath indicates a lower 
deposition rate, which is in agreement with the behaviour observed for other Fe systems 
[118][122]. Therefore, the formation of Fe-complexes, and Mn-complexes, influences the 
mechanism of Fe2+ and Mn2+ ion discharge due to the formation of intermediate compounds 
thus, creating a new rate-limiting step. The fact that both metals can be found in form of 
Metal(gly)+ complexes can explain the slight decrease in the Mn content of the films 5:1+gly 
shown in Figure 5.7a in comparison with those deposited in the glycine-free electrolyte, which 
is presented in the following section. Therefore, the formation of Mn(gly)+ could hinder the 
reduction/deposition of Mn. However, a beneficial effect is observed on the morphology that 
will be explained in the next section of this chapter.  
Speciation results shown in Figure 5.5 prove that the ratio of [Mn2+]:[Fe2+] yields a different 
distribution of the glycine-complexes. The different distribution of the glycine-complexes, 
focussed on the gly- fraction vs pH value, and its effect in the potentiodynamic measurement 
was discussed in the previous paragraphs. Besides glycine, ammonia, originated from 
(NH4)2SO4 present in the electrolytes can also form complexes. Both metallic ions can form 
NH3-complexes when the solution pH increases to alkaline values (>6) (see Figure 5.5c-h), 
which is of crucial importance to enable the reduction of the Mn2+ ions. The formation of these 
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complexes plays a key role in Fe deposition and Mn deposition, especially crucial in the last 
case, which was previously reported [2][67][71][80]. Regarding the formation of NH3-
complexes, Mn-NH3 complexes always predominates over the Mn(gly)+ (see Figure 5.5c-d, g-
h), which could influence the Mn deposition rate. In addition, when Figure 5.5g and h are 
compared, it is visible that Mn can form four complexes with NH3 in the electrolyte 100:1+gly, 
instead of the two that are mainly present in the 5:1+gly. Furthermore, in the dm/dt vs. potential 
plot in Figure 5.6 can be observed, that for the electrolyte containing a [Mn2+]:[Fe2+]=100:1 the 
deposition rate of Mn in the glycine-containing bath is higher in comparison with the glycine-
free bath. The predominance of the Mn(gly)+ complex over the Fe(gly)+ together with the strong 
presence of Mn-NH3 complexes explain the increase of the Mn deposition rate and the 
increase of the Mn content of the layer 100:1+gly compared to the layer 100:1 (see Figure 
5.7a, which is shown in the next section). 
 
Figure 5.6 Details of the mass change curve in the potential range between -1.25 and -2.0 VMSE 
recorded in the electrolytes 100:1 and 100:1+gly. The dotted squared line area indicates the 
difference between the Mn deposition rate occurring in the two electrolytes without and with 
glycine. Scan rate: 15 mV/s. 
On the other hand, the presence of the four Mn-NH3 complexes in the case of the electrolyte 
100:1 can also contribute to the increase of the Mn content observed in the layers 
electrodeposited from 100:1 and 100:1+gly electrolytes, reported in Figure 5.7a.  
There is clearly a synergistic effect between glycine and ammonium sulphate into the 
electrolyte species distribution in relation to the pH value. In addition, also the shift of hydroxide 
formation to higher pH values is clearly reflected in the plots in Figure 5.5. Altogether provides 
stability to the electrolyte. 
Further effect of the glycine in the chemical composition and the morphology of the layers is 
presented in the following section. 
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5.3 CHEMICAL COMPOSITION ANALYSIS 
EDX and GD-OES depth profile analyses were performed for a detailed chemical 
characterization of the layers prepared by means of potentiostatic electrodeposition and of a 
set of films obtained by means of magnetron co-sputtering (experimental details of the later 
and nomenclature of the films are summarized in Table 5.2). EDX analyses of the layers 
prepared by electrodeposition in the four optimized electrolytes (presented in Table 5.1) 
detected the presence of Mn, Fe and O, with small traces of S, which may be due to the 
sulphate salts used for the electrolytes. Also, small amounts of C were traced in layers obtained 
from glycine-containing baths due to its organic nature. As summarized in Figure 5.7a, EDX 
results confirm changes in the chemical composition of the electrodeposited films when the 
electrolyte composition is varied.  
 
Figure 5.7 a) Chemical composition of the electrodeposited films obtained by EDX; GD-OES depth 
profiles of b) electrodeposited film 5:1 and c) sputtered film Fe25Mn. Emission lines: Mn 403 
nm, Fe 371 nm, O 130 nm and Si 288 nm.  
At a constant [Mn2+]:[Fe2+] ratio of 5:1, the addition of glycine slightly affects the Mn content in 
the electrodeposited films, however, it increases the O content. When the concentration of 
Mn2+ ions in the electrolyte is strongly increased ([Mn2+]:[Fe2+]= 100:1) the Mn content in the 
deposit only marginally increases. Further, when the glycine is added, the Mn content 
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increases up to 24 wt.% which represents the maximal Mn content achieved in this study and 
associated to this, an increase of the O content was also observed. For the co-sputtered films, 
EDX analysis demonstrates that only Mn and Fe are present in the layers, suggesting a 
metallic nature of the obtained films. The determined compositions of the sputtered samples 
are shown in Table 5.2 and reveal a good conformity between real and nominal values. 
In order to obtain in-depth information about the chemical composition and its distribution 
across the thickness of the films prepared in this work, GD-OES depth profile analysis was 
performed. As EDX showed, Fe, Mn and O are the main elements in the electrodeposited 
layers and thus, GD-OES analysis focused on these elements. Representative results of the 
composition depth profile of an electrodeposited layer obtained from electrolyte bath 5:1, and 
of a Fe25Mn sputtered sample are plotted in Figure 5.7b and c, respectively. In the composition 
depth profile, three regions are distinguished (Figure 5.7b): (A) an oxygen-rich outer layer, (B) 
a main inner layer where the Fe and Mn content is constant and O is significantly reduced, and 
(C) a third region where a Si signal appears indicating the film-substrate interface. Oxygen is 
commonly present in electrodeposited films when they are obtained from water-based 
electrolytes as result of concomitant reactions leading to oxides, oxohydroxides and 
hydroxides compounds. In the present case, the high O content observed in the outer layer is 
mainly attributed to the fast oxidation of the deposited material, in particular in the last period 
of the experiment when the applied potential is switched off and the film remains in the 
electrolyte, as it was found for pure Mn layers. 
Table 5.2 Chemical composition of the magnetron co-sputtered films obtained by EDX. 
 Composition 
Film 
designation 
Mn 
(wt.%) 
Fe 
(wt.%) 
Fe10Mn 10±1 90 ±1 
Fe15Mn 15±2 85±2 
Fe25Mn 26±3 74±2 
Fe36Mn 36±3 64±3 
Fe46Mn 46±1 54±1 
Fe70Mn 69±1 31±1 
 
The chemical purity of the materials synthesized by magnetron co-sputtering under vacuum 
conditions depends on the source (in this case the sputtering targets), the support materials 
(substrate), and any residual impurity gases present in the deposition chamber. To avoid 
impurities, baking out the chamber for 12 hours provided a good base vacuum (<10-9 mbar), 
and high purity sputtering gas (99.999% argon) was used. This advantage to use such gas 
purity is reflected in the EDX and GD-OES results. In Figure 5.7c, also three regions can be 
observed. However, the region A exhibits a higher amount of O which is due to the contact of 
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the material with the atmosphere, but much thinner compared to the electrodeposited film. 
Then, a drastic change in the region B is observed, where the O content drops to below the 
detection limit. The composition of the sputtered layers is constant over the thickness of the 
film. All sputtered films with different Mn contents show similar distribution of species across 
the thickness. 
EDX and GD-OES results are in good agreement. EDX shows the presence of Fe, Mn and O 
in the electrodeposited layers, with O being more abundant in the layers obtained from the 
baths 100:1 without and with glycine. However, EDX is only suitable to show the presence of 
the elements and not the distribution along the cross-section. GD-OES complements and 
confirms the inclusion of O over the whole layer, showing an O rich region in the outer layer 
and a decrease of the concentration in the main inner layer. EDX and GD-OES confirm the 
high purity and the metallic nature of the magnetron co-sputtered films, as well as the 
homogeneous distribution of the main elements across the thickness. 
The sputtered layers are limited to a thickness up to 500 nm in the present work, while the 
thickness of the electrodeposited films can be controlled by the applied potential and time of 
electrodeposition from a minimum of ~800 nm up to 2 μm to obtain stable films. In order to 
compare the GD-OES results, electrodeposited layers with the minimum thickness (800 nm to 
1 µm) possible were synthesized, and also used to perform the corrosion studies. 
5.4 MORPHOLOGY CHARACTERIZATION 
The analysis of the morphology of the obtained layers was performed by SEM and selected 
results are presented in Figure 5.8 and Figure 5.9. Morphological differences are observed 
between the electrodeposited layers prepared at different conditions, see Figure 5.8. 
 
Figure 5.8 Surface SEM images of electrodeposited films a) 5:1, b) 5:1+gly, c) 100:1 and d) 100:1+gly 
(insets: lower magnification images). Yellow arrow indicates a hole due to the HER. 
FeMn layers deposited from the electrolytes containing [Mn2+]:[Fe2+]=5:1 present a granular 
morphology as obvious from Figure 5.8a and b. In contrast, deposits obtained from electrolytes 
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with [Mn2+]:[Fe2+]=100:1 (Figure 5.8c and d) have smoother surfaces with a less-pronounced 
globular like morphology and with some dust-like precipitates on their surfaces which come 
from the electrolyte baths. The presence of holes (indicated by a yellow arrow in Figure 5.8d) 
is caused by H2 bubbles from the HER and water decomposition. Deposits obtained from 
glycine-free electrolytes contain cracks, which are more visible in layers electrodeposited from 
the 5:1 bath (see inset in Figure 5.8a). Applying a very negative deposition potential induces 
a strong HER, which could increase the stress in the electrodeposited films. 
The presence of glycine in the electrolytic bath significantly reduces the crack formation in the 
layers (Figure 5.8b and d) resulting in a smoother and more homogeneous morphology. When 
the top view SEM images of the electrodeposited (Figure 5.8) and sputtered films are 
compared (Figure 5.9), a strong relation between the morphology and the technique used to 
obtain the FeMn films is visible. In the case of the electrodeposited films, the morphology is 
highly affected by the HER occurring as side reaction at these negative deposition potentials. 
Its influence on the stress created in the films is evident as it provokes the formation of cracks. 
However, the stress is reduced with the addition of glycine to the electrolyte and the cracks 
are partially or completely avoided [103]. 
Previous studies have proven that glycine enhances the HER rate (eq. 5.10 and 5.11) 
[120][122]. Therefore, a synergetic effect of the increase of the hydrogen bubble release 
together with the formation of metallic complexes, which slowdown the deposition rate could 
be the reason for the suppression of cracks leading to a better quality and stability of the layers. 
2H2gly
− + 4e− ⇌ 2H2 + 2gly
−                                           (5.10) 
2Hgly + 2e− ⇌ H2 + 2gly
−                                               (5.11) 
In the case of the sputtered films, the surface morphology does not significantly vary with 
different compositions since only the power supply to the cathodes was modified to vary the 
composition. Sputtered films are compact and dense: they all present a smooth uniform 
surface with sharp grain morphology. In addition, the layers produced by sputtering technique 
present smaller grain sizes than the electrodeposited layers. A representative SEM image is 
given in Figure 5.9 with an inset showing the surface at the micrometer scale. 
 
Figure 5.9 Surface SEM image of the sputtered film Fe15Mn as prepared, typical morphology of the 
sputtered films. Inset: lower magnification.  
5.5 CHARACTERIZATION OF THE STRUCTURAL PROPERTIES 
Selected XRD patterns of sputtered and electrodeposited FeMn films are presented in Figure 
5.10. Sputtered FeMn films are metallic and show a well-defined body-centred cubic structure 
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(bcc), see Figure 5.10a. In addition, the Fe structure transforms into the Mn structure coinciding 
with a lowering of the symmetry from Im-3m (bcc-Fe structure) into an I-43m (bcc-Mn structure) 
with an increase of the Mn content. This change is visualized by the decrease of the (011) 
reflection intensity of the bcc-Fe pattern in Figure 5.10a (right) at increasing Mn content. 
Sputtered FeMn films with low Mn contents reveal a pure bcc-Fe structure with cubic symmetry 
in the space group Im-3m, changing to a mixture of phases when the Mn content increases 
(see table in appendix VI). The films show a pure bcc-Mn structure with an I-43m symmetry 
when 46 wt.% of Mn is reached, which is observed in the emergence and shifting of the peaks 
belonging to the (003), (141) and (332) reflections. These findings are in agreement with 
previous studies published by Nakamura et al. (see Figure 2.15b) [105][123]. In the studies 
published by Nakamura and coworkers, under specific synthesis conditions, they could find 
also the face-centred cubic (fcc) phase. However, no evidence for the presence of the fcc-
FeMn alloy is found for the sputtered samples, which may be related to the non-equilibrium 
nature of the sputtering process. 
 
Figure 5.10 XRD patterns of a) sputtered FeMn films with different Mn content (left) and zoom of the 
peaks in the range between 40 and 50° (right) (Cu Kα radiation, λ=1.5418 Å). b) XRD 
patterns of the electrodeposited films 5:1 and 100:1+gly (Mo Kα1 radiation, λ=0.7093 Å). 
On the contrary, the XRD results of electrodeposited FeMn films do not reveal a well-defined 
structure; as indicated by the patterns shown in Figure 5.10b. Those films were 
electrodeposited onto a polycrystalline Au layer sputtered on glass. The Au layer contributes 
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with strong reflections to the diffraction pattern corresponding to fcc-Au that unfortunately 
overlaps with many bcc-Fe reflections. Patterns of electrodeposited films 5:1 and 5:1+gly 
reveal a bcc-Fe structure. The pattern belonging to the layer from 5:1 electrolyte is shown in 
Figure 5.10b. However, when the metallic ion concentration ratio in the electrolyte changes to 
[Mn2+]:[Fe2+]=100:1 and glycine is added to the electrolyte, the intensity of the reflections 
corresponding to the bcc structure decreases and finally disappear until only the reflections of 
the Au structure remain visible. Therefore, in order to clarify the structure of the 
electrodeposited films, FIB cross sections of the 5:1+gly (Figure 5.11 and Figure 5.12) and 
100:1+gly (Figure 5.13) layers were investigated by TEM. 
Figure 5.11 and Figure 5.12 summarize the results obtained by the TEM investigations of the 
5:1+gly film. A columnar growth which is typical for electrodeposited layers is observable on 
the right of the Figure 5.11a (and confirmed by Figure 5.12), as well as a crack-free and 
homogeneous film morphology. 
 
Figure 5.11 Electrodeposited layer in the 5:1+gly electrolyte: a) TEM bright field image of the cross-
section (left) with higher magnification images which correspond to the Fe3O4 at the surface 
and Fe0.8Mn0.2 as an example for one of the crystals at the interface next to Au (right); 
SAED patterns corresponding to b) the surface area and c) centre area specified in the 
TEM image. 
Figure 5.11a on the right shows high magnification images, which show a close view of the 
surface and interface area where the distance between planes measured by Fourier 
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Transformation (FTT) point out that Fe3O4 is present at the surface and Fe0.8Mn0.2 is present 
at the interface area next to the Au substrate. In addition, the EDX results showed a Fe-
enrichment of the surface, which is also confirmed by the Selected Area Electron Diffraction 
(SAED) patterns shown in Figure 5.11b. In agreement with the measured lattice plane 
distance, the SAED patterns show the presence of two different Fe-based compounds, Fe3O4 
and Fe0.8Mn0.2 identified by the ELDISCA software [124], which superimposed the 
experimentally obtained SAED patterns with yellow circles that belong to theoretical SAED 
pattern based on data from the inorganic crystal structures database. 
These results can be explained by two different scenarios that can take place at the surface. 
Firstly, the existence of a galvanic exchange between the metallic Mn present in the layer and 
the Fe2+ ions of the electrolyte when the potential is switched off and they remain in contact. 
In this case a spontaneous replacement of a metal of the surface layers (Mn) by a more noble 
metal (Fe) occurs driven by the difference in the equilibrium potential of the two metal/metal 
ion redox couple as follows (eq. 5.12): 
Mn + Fe2+ → Mn2+ + Fe                                                  (5.12) 
A second possibility is due to the high chemical reactivity of Mn in its metallic state, which is 
found in the layer, as it was shown in chapter 2 in Eq. 2.25 to 2.26, that would lead to the partial 
dissolution of Mn and, therefore, an increase of the Fe content on the surface. The subsequent 
Fe oxidation to form Fe3O4 is due to the contact of the layer with the aqueous electrolyte (see 
Pourbaix diagram in chapter 2, Figure 2.7b) and the time in contact with the atmosphere during 
the TEM preparation. On the right of Figure 5.11c, the SAED pattern belonging to the centre 
area of the cross-section is presented. The strong brightness points observed in the ring 
corresponding to the plane (110) reveal a clearly textured film with a bcc lattice structure and 
possess a Im-3m symmetry. This bcc structure corresponds to the pattern in the database 
published by Nakamura et al. [105], as well as the co-sputtered films with a similar Mn content 
following the same phase diagram. 
Figure 5.12 shows a bright field TEM image of the cross-section with the corresponding dark 
field images belonging to the crystallographic direction (-110). It clearly reveals a columnar 
growth as well as a large grain size, as it was mentioned some paragraphs above. In addition, 
the textured nature of the film is evident from the Figure 5.12a and b.  
 
Figure 5.12 Electrodeposited layer in the electrolyte 5:1+gly: a) TEM bright field image and b) TEM dark 
field image corresponding to the crystallographic direction (-110) of the cross-section. 
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Figure 5.13 Electrodeposited layer in the 100:1+gly electrolyte. a) Sketch of the electrodeposited 
sample showing the areas of analysis; high-resolution TEM (HRTEM) bright field images 
with the corresponding SAED patterns of the b) surface area and c) centre area; d) HRTEM 
images of two different areas near the interface between the electrodeposited film and the 
substrate with the corresponding SAED patterns on the right. 
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Also, the cross-section of the 100:1+gly film was investigated by TEM and the results are 
shown in Figure 5.13, in order to clarify the structure of the electrodeposited films which cannot 
be determined by XRD. Figure 5.13a presents a sketch clarifying the notation. Figure 5.13b 
shows a HRTEM bright field image of the surface area, in which nanometer-sized crystallites 
appear to be homogeneously distributed and randomly oriented. The SAED patterns taken 
from the same region show discontinuous rings indicating mainly larger crystals (left) whereas 
the SAED pattern, displayed in Figure 5.13b (right), shows continuous rings indicating smaller 
crystals in high density. Both patterns are consistent with the lattice structure of Fe3O4, also 
identified by the ELDISCA software [124]. 
Figure 5.13c, shows an image of the area corresponding to the sample centre, where the 
nanocrystals (1.5-3 nm in size) are homogeneously distributed in a probably amorphous 
matrix. The SAED pattern belonging to the centre area shows a structure that corresponds to 
the MnO and (FeO)0.798(MnO)0.202 compounds. Figure 5.13d shows two different regions of the 
interface area next to the Au substrate. The above image of Figure 5.13d shows a high density 
of nanocrystals whose corresponding SAED pattern is shown on its right. It points out a similar 
structure as the centre region with similar lattice parameters of different possible fcc phases 
(Fm-3m): MnO and FeO. Also larger crystals at the interface with a size of 120 nm and a Mn-
rich composition (Mn:Fe:O ratio of 55:8:37) were observed as shown in Figure 5.13d in the 
down part. The SAED pattern corresponding to these crystals is shown on the right of this 
figure. This SAED pattern suits two different structures, both with a fcc lattice structure, 
belonging to the compounds MnO and Fe0.3Mn0.7 (γ-FeMn phase). 
Summarizing these results, it can be confirmed that 5:1+gly electrolyte can be used to 
electrodeposit textured metallic FeMn films with a bcc lattice structure and Im-3m symmetry. 
On the other hand, 100:1+gly electrolytic bath yields under similar electrodeposition conditions 
to Fe-/Mn- oxide based layers (with predominantly Fe3O4 at the surface area) with 
nanocrystallites distributed in an amorphous matrix. These results confirm the findings 
explained in the electrochemical studies presented in section 5.1, i.e. that the metallic FeMn 
phase is formed only when the bath 5:1 or 5:1+gly is used. When the 100:1 or 100:1+gly 
electrolytes are used, the films loose the initial Fe structure and oxidized and amorphous film 
are observed. 
5.6 MAGNETIC PROPERTIES 
In-plane VSM measurements were performed for all FeMn films prepared by magnetron co-
sputtering and the electrodeposited films in order to assess the magnetic nature of the films. 
Figure 5.14a shows the measured hysteresis curves which correspond to the 5:1 
electrodeposited film and the Fe10Mn sputtered film. Both films contain a similar Mn wt.% and 
possess a bcc crystal structure with the same symmetry (Im-3m) however, they show a 
different curve shape. The 5:1 electrodeposited film shows a higher value of the saturation 
magnetization than the Fe10Mn sputtered film. This fact is explained by the difference induced 
due to the synthesis method. The electrodeposited sample 5:1 presents a second phase on 
its surface region that also present magnetic properties, Fe3O4 (see Figure 5.11b), and that it 
is not present in the sputtered film. This compound can contribute to the observed higher 
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magnetic response. In addition, sputtered and electrodeposited films possess different 
thicknesses. The sputtered Fe10Mn film has approximately a thickness of 500 nm and the 
electrodeposited 5:1 has a film thickness of 1.5 µm, three times higher. The volume can be 
calculated only for the sputtered layer due to its dense nature, while the electrodeposited layer 
has compounds with different density and the volume cannot be calculated in an accurate way. 
In addition, electrodeposition leads to samples with a higher number of defects which hinders 
the arrangement of the spins and therefore, results in a higher saturation magnetization. 
 
Figure 5.14 In-plane hysteresis loops of a) the electrodeposited film 5:1 and the sputtered Fe10Mn, b) 
sputtered Fe10Mn and Fe70Mn films and c) the electrodeposited 5:1, 100:1 and 100:1+gly; 
d) Dependence of the coercivity (Hc) as a function of the Mn content of the sputtered and 
electrodeposited films. 
Furthermore, also sputtered films show differences on their magnetic properties. Figure 5.14b 
shows the measured hysteresis curves of two sputtered films with a 10 wt.% and 70 wt.% Mn 
content, the lowest and the highest Mn content of the composition range covered by the 
sputtering method. In this case, two facts can be observed: i) a strong difference between the 
saturation magnetization values and ii) a change of the hysteresis curve shape. The Fe10Mn 
film shows a saturation magnetization almost five times higher than the Fe70Mn, which is 
directly related to the increase of the Mn content due to Mn is an antiferromagnetic element. 
On the other hand, the hysteresis curve shape is due to the different crystalline structure which 
appears when the Mn content increases. Fe10Mn revealed in the previous section a bcc 
structure with an Im-3m symmetry and Fe70 Mn revealed also a bcc structure but with a I-43m 
symmetry (see also Figure 5.10a). This change of the hysteresis loop shape leads to difference 
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coercivity values (Hc), being higher for the Mn-rich layer. 
As it has been shown in the last sections, the electrolyte composition plays an important role 
in the electrodeposition and therefore, in the characteristics of the deposited films. These film 
characteristics, i.e. chemical composition and crystal structure, have a direct impact on the 
magnetic properties. The effect of the electrolyte is clearly visible in Figure 5.14c. The magnetic 
behaviour of the electrodeposited films 100:1 and 100:1+gly in comparison to the 5:1 film 
cannot be explained by the crystal structure exclusively but also needs to consider the 
composition. The films electrodeposited from baths containing [Mn2+]:[Fe2+]=100:1 are 
characterized by higher amounts of O. Therefore, the suppression or disturbance of the 
ferromagnetism in comparison with the 5:1 film is due to the presence of non-magnetic oxide 
phases (like the mixed (FeO)0.798(MnO)0.202). An evidence of this statement is the decrease of 
the saturation magnetization value observed in Figure 5.14c from the film obtained in the 
electrolyte containing [Mn2+]:[Fe2+]=5:1 to the films obtained from the electrolyte containing 
[Mn2+]:[Fe2+]=100:1. 
Figure 5.14d shows the coercivity (Hc) obtained from in-plane measurements as a function of 
the Mn content of the electrodeposited and sputtered films. For the sputtered films, the 
coercivity increases with higher Mn content and, for the films with an amount of Mn higher than 
40 wt.%, it reaches a higher value than for pure Fe films. As shown in the previous section, 
when a Mn content higher than 24 wt.% is reached in the sputtered films, the symmetry of the 
bcc crystal structure lowers and it is represented in Figure 5.14d by the dotted grey line. This 
change in the lattice is reflected in a change of the shape of the hysteresis loop as it was 
mentioned previously and it can be observed in Figure 5.14b. This leads to a slight jump in the 
coercivity value from 5 to 12 mT. On the other hand, the electrodeposited FeMn films show 
lower coercivity values than for pure electrodeposited Fe layers, in a range of less than 10 mT, 
except the film 5:1+gly with a Hc value of 12 mT, indicating a soft magnetic behaviour. This 
fact is due to the presence of Mn, which partially suppresses the ferromagnetic contribution of 
the Fe. In addition, the small increase of the coercivity observed for the samples 5:1+gly and 
100:1+gly is originated from the presence of magnetite, Fe3O4 (see Figure 5.11 and Figure 
5.13 in the previous section).  
Despite the difference in the chemical composition or the crystal structure, both synthesis 
methods result in soft magnetic films, a feature of high importance to avoid magnetically-
induced heating that could provoke serious damages if the materials are applied for medical 
purposes in vivo [15]. 
5.7 ELECTROCHEMICAL CORROSION STUDIES 
A controlled degradation of the functional layers by gradual corrosive dissolution in the in vivo 
environment and the formation of non-toxic products are an essential aspect for (bio-) 
degradable electronic device applications. Therefore, electrochemical corrosion analysis of 
sputtered and electrodeposited layers was conducted. Earlier studies on biodegradable bulk 
FeMn-based alloys revealed already the reactive nature of those systems in differently 
concentrated NaCl solutions and synthetic body fluids [4][5][125]. With respect to this, first 
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investigations of the layers which are the subject of the present study were conducted in diluted 
non-buffered 0.15 mM NaCl (pH 7.6) to retard the corrosion activity and to perform the analysis 
in a fundamental manner [126]. Electrochemical polarization studies were conducted under 
natural convection conditions at room temperature. Figure 5.16a shows the corrosion potential 
values, Ecorr, which were determined from the semi-logarithmic current density-potential curves 
which were recorded for the FeMn layers and for the layers containing only the main 
constituents, Fe and Mn. Notice that here only in a simplified manner the Mn content is 
considered for the graphic presentation in Figure 5.16a and not its chemical form in the layers. 
Figure 5.16b displays examples of polarization curves measured for sputtered and 
electrodeposited layers with similar Mn contents: around 25 wt.% (Fe25Mn and 100:1+gly) and 
also 10 wt.% (Fe10Mn and 5:1). These layers are chosen to exemplarily show the active 
dissolution tendency corresponding to corrosion current densities in the order of several 
mA/cm2 and the continuous increase of the anodic current density. This observation is similar 
to the behaviour of bulk samples with Mn contents in the same range or thin films prepared by 
magneton sputtering [126][15].  
Special emphasis was given to evaluate the effect of the Mn content on the corrosion 
properties of metallic FeMn layers, which could be most systematically analysed for the 
sputtered alloy films with controlled Mn content. For the magnetron sputtered films containing 
less than 15 wt.% of Mn, Ecorr values are less negative than for pure sputtered Fe, which 
suggests that these layers present a lower corrosion activity. Nevertheless, when the Mn 
content increases from 25 to 70 wt.%, Ecorr becomes more negative and values establish 
between the Ecorr values of the sputtered layers containing only the main constituents, Fe and 
the most reactive Mn layers. This discontinuous Ecorr trend, from the compositional point of 
view, indicates the impact of an additional factor: the crystal structure of the sputtered films, 
especially corresponding to the change of their crystallographic symmetry. As XRD revealed 
(Figure 5.10a), the sputtered FeMn films containing up to 15 wt.% of Mn have a bcc structure 
with Im-3m symmetry and which correlates with an improvement of the corrosion properties of 
the films relative to the pure Fe. However, when the Mn content is in the range between 15 
wt.% and 70 wt.%, the symmetry changes gradually to I-43m and with this structural change 
the FeMn films become more degradable (see Figure 5.16a). This behaviour suggests a way 
to tune the corrosion properties of the sputtered alloy films, and related with this, to control the 
dissolution of these layers. Therefore, a superimposed effect of the composition and of the 
crystallographic phase can explain these results. 
Figure 5.15 shows a SEM image of a corroded Fe15Mn sputtered layer after electrochemical 
polarization in 0.15 mM NaCl solution. The as-prepared uniform film (Figure 5.9a) partially 
dissolved or underwent surface changes, therefore inhomogeneous dissolution is observed 
and the Si substrate can be distinguished in some spots. After performing the corrosion 
experiments, EDX revealed the presence of O and, together with the needle-like morphology 
(indicated by the red arrow in the inset of Figure 5.15), suggests the formation of Mn and Fe 
oxides, which is in agreement with previous studies [127]. This typical needle-like morphology 
is also visible in the post-corrosion SEM images of the electrodeposited samples which are 
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provided in the upper side of Figure 5.17. In addition the partial peel-off of the sputtered and 
electrodeposited films is observed, which exposes the Si-substrate. 
 
Figure 5.15 Surface of a sputtered Fe15Mn film after electrochemical corrosion test in 0.15 mM NaCl. 
Inset: higher magnification. Red arrow indicates needle-like morphology typical from 
oxides. 
The films obtained by electrodeposition act differently, which is explained by their different 
morphology and crystalline structure as a consequence of the synthesis method and the 
electrolyte composition. First of all, electrodeposited Fe establishes a more positive Ecorr value 
in the 0.15 mM NaCl solution than the sputtered Fe film (see Figure 5.16a). This behaviour is 
attributed to the fact that under electrochemical processing conditions, the surface of the Fe 
deposit is partially oxidized and therefore, already possesses a passive film prior to the 
corrosion test which retards the initiation of the process. For Mn layers a similar effect occurs 
as it was shown in the previous chapter and must be taken into account [108]. However, the 
reactivity of Mn layers in NaCl solution is generally so high that differences in the initial layer 
states become negligible. 
These considerations are also relevant for the discussion of the layers that were 
electrodeposited from mixed Mn- and Fe-sulphate electrolytes. The large difference in the Ecorr 
values, which is presented in the Figure 5.16b, relates to the fact that, in the case of the 
sputtered film, 25 wt.% Mn is completely incorporated into the metallic bcc phase. In contrast, 
the 100:1+gly sample comprises also about 24 wt.% Mn, but it is bonded in an 
oxide/amorphous phase, as revealed by the TEM results (see Figure 5.13 in section 5.5). This 
structural difference strongly affects both the cathodic and the anodic reactivity of the layers in 
the corrosive solution with the consequence of a more positive Ecorr value for the 
electrodeposited sample. 
The 100:1 film, which was electrodeposited from a gly-free bath, has a lower percentage of Mn 
than 100:1+gly. This compositional issue explains the more positive Ecorr value. 
Electrodeposited layers synthesized in 5:1 bath without and with gly exhibit Ecorr values, which 
are more comparable with this of the sputtered film Fe10Mn contents, as represented by the 
Figure 5.16b, the Ecorr values are more close to each other. They also possess a bcc lattice 
structure (Im-3m) as the sputtered films, with Mn being alloyed in form of Fe0.8Mn0.2. As well 
as the single metal layers, they showed a thin surface layer that contains Fe3O4 and Fe0.8Mn0.2. 
It is the reactivity of the metallic phase which causes a more negative Ecorr value than that of 
the electrodeposited Fe layers. 
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Figure 5.16 a) Corrosion potential, Ecorr, as a function of the Mn content of the sputtered and 
electrodeposited FeMn films measured in 0.15 mM NaCl; b) Current density-potential 
curves of Fe10Mn, Fe25Mn, 5:1 and 100:1+gly measured in 0.15 mM NaCl; c) Current 
density-potential of Fe36Mn film in different concentrations of NaCl. Scan rate: 0.5 mV/s; 
pH 7.6. 
In physiological environments, chloride concentrations are very high corresponding to 150 mM. 
Therefore, it is important to assess the effect of higher salt concentrations on the corrosion 
behaviour of the layers obtained in this study, which are envisioned for (bio-)degradable 
applications. Electrochemical polarization studies were conducted for the Fe36Mn sputtered 
film with bcc structure and I-43m symmetry in non-buffered NaCl solutions with concentrations 
varying from the initially used 0.15 mM up to 150 mM (pH 7.6). This particular film composition 
was selected to compare its behaviour with that of cast bulk alloys previously reported by other 
authors, for which a Mn content of 30-35 wt.% was suggested as optimal content for gradual 
dissolution. Moreover, those bulk Fe(30-35)Mn alloys represent a good compromise between 
good mechanical properties, antiferromagnetic behaviour and acceptable cytotoxicity level 
(owing to Mn) [5][126]. 
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Figure 5.17 Top view SEM images of electrodeposited films 5:1+gly and 100:1+gly after electrochemical 
corrosion test in 0.15 mM NaCl (upper) and cytotoxicity test (bottom). 
Figure 5.16c shows the typical current density-potential curves measured in non-buffered 
solutions containing 0.15 mM, 1.5 mM, 15 mM and 150 mM NaCl. With increasing salt 
concentration, Ecorr shifts to more negative values, the corrosion current density increases up 
to one order of magnitude and the anodic active dissolution rate significantly rises. This 
behaviour indicates that the corrosion activity of the Fe36Mn layers increases with increasing 
NaCl concentration. However, similar electrochemical responses are obtained in the solutions 
containing 15 mM and 150 mM suggesting that already at lower NaCl concentration the 
maximum corrosion rate for Fe36Mn was attained. In the next section cytotoxicity tests will be 
presented, which will also provide an approach of their corrosion properties in a simulated 
physiological medium. 
5.8 IN VITRO CYTOTOXICITY TEST 
The cytotoxicity of the FeMn films was studied with two main objectives. The first was to 
analyse the effect of the Mn content in the sputtered films which are dense and uniform. The 
selected sputtered films contained 25, 36 and 70 wt. % of Mn (Fe25Mn, Fe36Mn and Fe70Mn). 
Previous studies on cell viability of bulk FeMn alloys or solutions containing Fe2+ and Mn2+ ions 
were reported elsewhere [4][5]. When bulk FeMn alloys were analysed a release of a large 
quantities of Fe2+ and Mn2+ ions was observed due to severe corrosion and a maximum of 35 
wt.% of Mn in those alloys was proposed as acceptable content to avoid cell death. In the 
present study, deposits with 70 wt.% of Mn will be also analysed since the FeMn alloy is in 
form of films and they are supposed to behave differently than its bulk counterpart. The second 
goal was to analyse the effect of the synthesis method. These investigations were carried out 
in strong collaboration with the Multi-Scale Robotics Lab in Institute of Robotics and Intelligent 
Systems (ETH Zurich). 
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Selected electrodeposited films, which are much more heterogeneous in terms of chemistry, 
structure and morphology than the sputtered films were investigated. The chosen 
electrodeposited films were 5:1+gly and 100:1+gly with Mn contents of 9 and 24 wt.%, 
respectively. In the 5:1+gly layer, Mn bonds in a metallic FeMn phase, while in 100:1+gly it 
bonds as MnO and in an amorphous matrix, as TEM results highlighted, and it coexists with 
other phases. The films obtained from glycine-containing baths have a better quality, i.e. they 
are more homogeneous and present fewer surface cracks. These deposit characteristics allow 
a better comparison with the dense and uniform sputtered films. The aforementioned samples 
were incubated with NIH/3T3 fibroblast cell cultures and the viability of the cells was assessed 
at three different times, i.e. 1, 3 and 6 days after exposure. 
After 1 and 3 days, the viability of the cells in presence of the sputtered films is estimated at 
about 100%, illustrating that no cytotoxic effects were elicited (Figure 5.18a). Analysis of the 
cell cultures after 6 days revealed that for all the analysed films, independent of the Mn content, 
the cell viability still reaches 85% or higher. Therefore, it can be assessed that sputtered films 
fulfil biocompatible characteristics. 
The cytotoxicity of the electrodeposited layers obtained from the glycine-containing baths was 
also analysed. Figure 5.18b shows the results of the MTT assays. In order to compare the 
films obtained by both synthesis methods, the experiments were conducted also for 1, 3 and 
6 days. After 1 day of incubation with cell culture, the viability of the cells remains at values 
around 90%. However, after 3 days the percentage of viable cells was significantly reduced to 
62% (100:1+gly) and 46% (5:1+gly). Observation with the optical microscope reveals that the 
cells died in the near surrounding of the samples. This situation indicates a clear toxicity of the 
films after maximum 3 days of exposure. After 6 days, less than 30% of the cells were alive for 
the two studied conditions. 
 
Figure 5.18 MTT cell viability assay of a) the Fe25Mn, Fe35Mn and Fe70Mn sputtered films and b) 
5:1+gly and 100:1+gly electrodeposited films after 1, 3 and 6 days of immersion. 
SEM was conducted after the MTT tests to analyse the new surface morphology differences 
of the layers.  Figure 5.19a shows the top view SEM images of a sputtered Fe25Mn film after 
1, 3 and 6 days of immersion.  After 1 day, the first corrosion features are observed on the 
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surface of the layer, which produced mainly oxides and chlorides [127]. After 3 days of 
immersion, the layer starts to break in stripes and finally, after 6 days in the cell culture, the 
stripes roll up. Figure 5.19b shows the top view SEM images of a sputtered Fe36Mn film after 
1, 3 and 6 days of incubation with the cells. Also, significant corrosion is observed, but in this 
case the stripes are visible only after 6 days, see inset in the Figure 5.19b-6days, indicating a 
possible slower corrosion process. In addition, Figure 5.19c shows also Fe70Mn after different 
periods of immersion and a different corrosion morphology is observed. For this layer, the 
stripes do not appear even after 6 days of immersion and the crack formation ad morphology 
is similar to that appearing after 1 day in the other two layers. This suggests that a high 
concentration of the Mn content in the films slows down the corrosion process in simulated 
physiological medium. 
 
Figure 5.19 Top view images of sputtered a) Fe25Mn, b) Fe36Mn and c) Fe70Mn films after 1, 3 and 6 
days of immersion in the cell cultures. 
In order to analyse the composition of the corroded layers, EDX mappings were performed.  
Figure 5.20 displays as an example the EDX mapping obtained from the Fe70Mn sample after 
3 days of immersion in the cell culture. As described earlier, sputtered films are metallic with a 
homogeneous distribution of Fe and Mn. However, after 1 day of exposure, O is already 
detected all over the surface layers. This originates from the formation of Fe and Mn 
hydroxides/oxides through a mechanism that has been proposed in previous studies [127]. 
Together with O, other elements like Na, P and Ca appear, which result from precipitates of 
the cell culture solution. The presence of Cl in the films is due to the formation of metal 
chlorides that have not been hydrolysed [127], due to the presence of chloride ions in the cell 
culture (see the EDX mapping presented in Figure 5.20). After 6 days of immersion in the cell 
culture Fe70Mn shows a highly corroded surface, which indicates active dissolution. However, 
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Mn- and Fe-rich areas are observed which indicates that the films are not homogeneously 
dissolved. 
 
Figure 5.20 EDX mapping of a sputtered Fe70Mn layer after 3 days of immersion in the cell culture.  
On the other hand, the MTT test results show a clear indication of toxicity of the 
electrodeposited films. Their toxicity may be due to different characteristics as a consequence 
of the synthesis techniques. Different characteristics as the thickness (in 5:1+gly and 
100:1+gly) or the presence of Mn oxides (in 100:1+gly) in the as-prepared layer. EDX mapping 
of the as-prepared layer 5:1+gly is shown Figure 5.21 and a homogeneous distribution of the 
metallic elements, Fe and Mn, is observed. In addition, O is visible all over the surface as well 
as S (up to a maximum of 5 wt.%). The observed high cytotoxicity could be caused by the 
presence of S or Mn oxides, for which its toxicity has been reported [128][129][130]. On the 
other hand, it is well known that the dimensions of the material play an important role in their 
biocompatible characteristics since their physicochemical properties change [131]. In the 
present case, while the thickness of the co-sputtered layers is in the nanometer scale, the one 
corresponding to the electrodeposited layers is in the µm scale. 
 
Figure 5.21 EDX mapping of the as-electrodeposited 5:1+gly layer. 
From these results, a significant impact of the synthesis method, which yields quite different 
FeMn layer qualities and characteristics, on the cell viability can be assessed. While dense 
sputtered metallic FeMn alloy films with controlled Mn content showed very good 
biocompatible characteristics, electrodeposited films demonstrated toxicity. Electrodeposition 
from sulphate containing water-based electrolytes leads to the formation of oxide compounds 
in the films which could be the reason of the toxicity. However, layers obtained from the 
electrolyte 5:1+gly do not present Mn oxides (see Figure 5.12). Therefore, the toxicity of the 
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electrodeposited films might also be attributed to their inhomogeneity related with structural 
and morphological defects which provide vulnerable points to preferentially start the corrosion 
process. In addition, the difference in the layer thickness may play an important role due to 
increase of the material volume yielding to an increase of the amount of the released 
compounds.
6 ELECTRODEPOSITION OF MICROSTRUCTURES 
 
91 
6  ELECTRODEPOSITION OF MICROSTRUCTURES  
Micro and nanoswimmers are tiny untethered devices that can propel in fluids by means of 
external energy sources (i.e. magnetic fields, ultrasound or light) or by harvesting chemicals 
from their surrounding swimming media [32]. Recently, Wang and co-workers in their review 
“Hybrid nanovehicles: one machine, two engines” highlighted the importance of integrating 
multiple components to swimmers for hybrid motility. The combination of multiple swimming 
engines in a single platform can overcome the limitations of a single propulsion method, and 
can expand the capabilities for specific applications [132]. Electrochemical manufacturing 
processes such as electrodeposition have been successfully employed for the manufacturing 
of micro and nano-scale swimmers [28][30][133][134]. Usually, the incorporation of multiple 
components entails several fabrication steps, which can be critical and time consuming, and 
can considerably increase the risks of failure during the manufacturing process as well as the 
costs [26][35] Mn oxides have become an inexpensive and green alternative compared to 
noble metal catalysts such as Pt for the production of catalytic micromachines as proposed by 
Safdar and co-workers [25][135]. Subsequently, other authors have used manganese oxides 
as a protection for Pt- and Ag- based micromotors to avoid the deactivation that these 
micromachines can suffer in contact with thiol-containing environments, which is one of the 
main disadvantages of the noble metal catalysts [136][137]. In the last years, a few studies 
regarding combined MnO2 and Fe2O3 were reported in order to obtain dual-propelled 
micromachines [34][35][36][37][137]. An additional internal graphene wall on the polymeric 
membranes was essential to allow the micromotors electrodeposition with a tubular shape and 
a hydrothermally assisted process was needed in some cases to introduce the magnetic phase 
(Fe2O3) in the microstructure motors [35][34]. The processes reported to obtain Mn and Fe 
oxides micromachines required the use of organic compounds, permanganate or nitrate salts 
[37][34]. Sustainability is one of the key points in the present work to develop the electrolytic 
baths and electrodeposition processes, therefore green baths are needed to avoid the 
aforementioned chemicals. 
In the following sections, a facile one-step template-assisted cathodic electrodeposition 
process to manufacture this kind of devices by using a sustainable sulphate water-based bath 
(5:1+gly and 100:1+gly, see composition in Table 5.1 in the previous chapter) is presented. 
The aim was to obtain micromotors able to move via two propulsion methods: through the 
decomposition of H2O2, owing to the presence of Mn oxide in the micromotor and magnetic 
manoeuvring through the application of magnetic fields which is possible due to the presence 
of ferromagnetic iron oxides in the micromotor. This chapter is divided in three sections. The 
first section describes the effect of the applied potential and the electrolyte formulation on the 
composition of the resulting microstructures. Notably, these effects are different from those 
encountered in films obtained under the same electrodeposition conditions. The second 
section focuses on the characterization of the optimized microrobots. Finally, the propulsion 
performance of the microrobots is demonstrated in the last section. 
 
6 ELECTRODEPOSITION OF MICROSTRUCTURES 
 
92 
6.1 EFFECT OF THE ELECTROLYTE COMPOSITION AND THE 
APPLIED POTENTIAL 
As it was described in the section 3.3 of this work, electrodeposited microstructures were 
obtained on polycarbonate ion tracked template (PC membrane) as a working electrode while 
the rest of the electrochemical set-up remained unchanged. 5:1+gly and 100:1+gly electrolytes 
(see Table 5.1) were used since they had given rise to the most stable films. However, 
conditions for electrodeposition of films were not completely transferable to the 
electrodeposition of microstructures in confined spaces and, therefore, first trials were 
performed without electrolyte flow since short deposition times were applied. PC membranes 
with a pore diameter of 400 nm were utilized to electrodeposit wire-shape microstructures, 
which are presented in this section. The potential values selected to electrodeposit the 
structures were gleaned from the polarization experiments presented in chapter 5. 
As a first step to determine the optimum electrolyte composition, potentiostatic 
electrodeposition experiments were performed at an applied potential value of -2.3 VMSE for 3 
min. The effect of the bath formulation on the microstructures composition was assessed by 
means of EDX. Randomly selected, point-EDX measurements were performed on the 
potentiostatic electroplated microstructures, which results are shown in Table 6.1. 
Table 6.1 Composition obtained by EDX point measurements of the microstructures electrodeposited 
from 5:1+gly and 100:1+gly electrolytic baths on the 400 nm pore size membrane. 
Electrodeposition parameters: -2.3 VMSE and 3 min. 
Electrolyte 
Fe  
(at.%) 
Mn  
(at.%) 
O  
(at.%) 
Fe:Mn 
5:1+gly 23±3 0 77±2 100:0 
100:1+gly 0 11±1 89±1 0:100 
 
Composition was greatly dependent on electrolyte composition. Note that the applied potential 
remained constant at a value of -2.3 VMSE and a PC membrane with a 400 nm pore diameter 
was used. While 5:1+gly electrolyte produces Fe-rich structures in concordance with the 
observations on electrodeposited films (see Figure 5.7), electrolyte 100:1+gly produces Mn-
rich structures. Note that for both electrolytes, a high content of oxygen is present. In order to 
obtain hybrid structures that can be propelled, the presence of Mn oxides is highly desired due 
to its catalytic properties. Therefore, the following studies focus on the effect of the applied 
potential during electrodeposition from the 100:1+gly bath, aiming at producing Mn-rich 
microstructures with low content of Fe in order to obtain also magnetic microstructures.  
Based on the findings described in the previous chapters, the potential range at which FeMn 
films are obtained from the electrolyte containing Fe2+ and Mn2+ ions was set between -1.9 
VMSE and -2.4 VMSE. Applied potentials between -1.9 VMSE and -2.1 VMSE were not considered 
because the electrodeposition rate was exceedingly low. For this reason, the potential values 
of -2.2, -2.3 and -2.4 VMSE were applied to determine their impact on the microstructures’ 
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composition. Table 6.2 shows the results of the EDX composition analysis. In all cases a high 
Mn content is detected together with the incorporation of Fe in lower amounts. Furthermore, a 
high O content is also detected, which indicates that the wires are mainly consist of a mixture 
of oxides. This is confirmed by XRD analysis, in the following section of this chapter. However, 
O is a light element and the quantification by EDX is only semiquantitative. Therefore, the EDX 
results only provides some hints on the sample nature. Note that the Si substrate also contains 
O from the SiO2. The applied potential does not look to strongly affect the Fe content indicating 
that the Fe electrodeposition is mass-controlled, probably due to the low Fe2+ concentration. 
Contrarily, it has an influence on the Mn content, which decreases as the applied potential 
values is made more negative. This might be indicative of a charge-transfer limited 
electrodeposition process and to the overlapping with HER and water decomposition reactions. 
The latter become intensified as the applied potential is made more negative. Last column of 
Table 6.2 shows the Fe:Mn ratio in the deposits.  
Table 6.2 Composition of the microstructures obtained at different applied potentials on PC membrane 
with 400 nm pore diameter, determined by EDX. Deposition parameters: 3 min, 100:1+gly 
electrolyte. 
Applied  
potential 
(VMSE) 
Fe  
(at.%) 
Mn  
(at.%) 
O  
(at.%) 
Fe:Mn 
-2.2  2±1 27±1 71±1 7:93 
-2.3 0 11±1 89±1 0:100 
-2.4 2±1 15±1 83±1 11:89 
 
In order to eventually obtain catalytic and magnetic properties Fe and Mn need to be combined 
in the same microstructure. -2.2 and -2.4 VMSE look the most appropriate potential values to 
plate Fe-/Mn- based microstructures. Nevertheless, very negative potential values decrease 
the stability of the microstructure, leading to its disintegration when released from the PC 
membrane as a consequence of the hydrogen bubbling. Further results, which are presented 
in the following lines, show that the microstructure do not show a homogeneous composition 
throughout. Therefore, an applied potential value of -2.3 VMSE was chosen as a deposition 
potential to synthesize the microstructures presented below.  
Typical shapes that can be obtained by template-assisted electrodeposition are: wire and 
tubular structures (see Figure 2.6). Figure 6.1a shows a cross-section of as-deposited 
structures obtained from the electrolyte 5:1+gly at -2.3 VMSE during 3 min. These are embedded 
in the template and show an evident wire shape which was partially broken during cross-
section preparation. The inset shows a single wire released from the 400 nm pore diameter 
PC membrane. The corresponding EDX line scan (yellow arrow) is depicted in Figure 6.1b. An 
inhomogeneous distribution of the elements throughout is observed; namely the Fe content is 
higher than Mn within the first 3 µm length but thereafter the Mn content increases at the 
expense of Fe. Meanwhile, O is present all along the wire suggesting that the structure is fully 
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oxidized. This issue was not observed in films electrodeposited from the same bath (see TEM 
results in Figure 5.11). Altogether, these results confirmed that electrodeposition in confined 
cavities renders materials with dissimilar characteristics. 
 
Figure 6.1 a) Cross-section SEM image of electrodeposited microstructures (wires, indicated by white 
arrows) obtained from the electrolyte 5:1+gly at -2.3 VMSE during 3 min using a PC membrane 
template with 400 nm pore diameter. The inset shows a single wire released from the PC 
membrane and b) corresponding EDX line scan along the wire long axis (see yellow arrow).  
6.2 ELECTROSYNTHESIS OF TWO-ENGINE MICROMACHINE 
Figure 6.1 showed that the microstructures deposited in the PC membrane with 400 nm pore 
diameter are wire shaped with a graded composition, combining Fe-rich and Mn-rich regions. 
However, when the first propulsion experiments were performed no catalytic activity in 
presence of H2O2 was observed, which suggest that the Mn content was not enough when the 
5:1+gly electrolyte is used to obtain the microstructure. The wire only showed some magnetic 
response when an external magnetic field was applied. These findings revealed that, although 
electrodeposition was proven successful, the structures did not exhibit the appropriate 
characteristics to perform as microswimmers and the process needed further optimization. 
Therefore, in order to change and try other microstructure shape, a PC membrane with a larger 
pore diameter (5 µm) was utilized in order to obtain tubular-shaped structures, in agreement 
with previous studies [25], and the electrolyte 100:1+gly was chosen to increase the Mn 
content into the microstructure.  
The process to obtain functional two-engine micromachines is schematically shown in Figure 
6.2. It illustrates the general procedure for the electrosynthesis of the micromotors in the 
present work. When the process is stopped at the second stage, which is indicated by number 
2 in Figure 6.2, and the micromotors are released from the PC template, tubular-shaped 
micromotors are obtained. Furthermore, a more sophisticated micromushroom-like shape 
micromotors are obtained when the overplating of the structures takes place and they are 
released after the stage indicated with number 3 in Figure 6.2. In comparison with the 
electrodeposition experiments described above, here, the electrodeposition process is 
performed under electrolyte flow to avoid the precipitation of hydroxides after long deposition 
times, between 20 and 30 min. It must be point out that the electrodeposition is one-step 
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cathodic process, the stages marked as 1 to 3 in the Figure 6.2 are marked to give a 
perspective how the process works. 
 
Figure 6.2 Schematic illustration of the electrodeposition process of the micromotors followed by their 
release from the PC membrane. 
Figure 6.3a shows a SEM image of a micromotor with its corresponding EDX map analysis 
(Figure 6.3b). These type of micromotors were obtained after stopping the process at stage 2 
and they revealed a tubular shape (T-micromotors). The formation of electrodeposited tubular 
structures in templates has been already reported in the literature and it is mainly due to the 
presence of gold on the pore walls at the bottom side of the template. Gold metallization is 
utilized to make the templates conductive. In addition, a large pore diameter also triggers a 
higher growth rate in the direction along the axis of the structure in comparison with the growth 
rate in the radial direction [60], as it was explained in chapter 2 (see also Figure 2.6). 
 
Figure 6.3 a) SEM image and b) EDX compositional map of T-micromotors (micromotors released from 
the PC membrane after stage 2 of the electrodeposition process). 
While the tubular shape of these kind of machines has been previously reported and it is well-
known, a second interesting results is observed in Figure 6.3b. EDX mapping results 
corresponding to the T-micromotors show a graded distribution of the elements along the axis 
of the structure. Mn is present along the full T-micromotor but an Fe-enrichment is observed is 
one of the edges. Furthermore, O is present along the full T-micromotors as well, suggesting 
a fully oxidized micromotor as previously mentioned in section 6.1.  
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Figure 6.4a shows SEM images with different views of micromotors released from the PC 
template after stage 3, as indicated in Figure 6.2. These reveal the formation of hollow 
micromushroom-like shaped (M-micromotors). Similar to the micromotors shown in Figure 6.3, 
they possess a tubular geometry but a “cap” is present on top of the structure. This cap is 
present as consequence of overplating which takes place at longer deposition times, as 
schematically represented by stage 3 in Figure 6.2. For these M-micromotors, EDX mapping 
analysis (shown in Figure 6.4b) show also a graded distribution of the composition, 
complemented by a line scan measured in a M-micromotor displayed in Figure 6.4c.  
The spontaneous occurrence of composition gradients is a scarcely reported phenomenon 
observed when the electrochemical codeposition of metals is confined to small cavities and it 
is indeed exploited here to fabricate multifunctional microstructures. It has been already 
reported that electrodeposition of alloys in templates can proceed very differently in 
comparison to deposition of thin films or bulk materials [57][58]. For example, Pellicer and co-
workers observed that the codeposition of CuNi is significantly changed when this alloy is 
electrodeposited in nanotemplates. Compositionally graded nanopillars showed a progressive 
increase of the Cu/Ni ratio towards the top of the structure [57]. Compositionally gradients are 
thought to be a consequence of changes in the current distribution caused by diffusional 
gradients. 
 
Figure 6.4 M-micromotors: a) bottom and side view (left) and top view (right) SEM images; b) 
composition distribution obtained by means of EDX mapping; c) EDX line scan along the 
M-micromotor shown in the upper part of the panel; d)TEM cross-section image of the stem 
of a M-micromotors embedded in a PC membrane. 
Interestingly, in the micromotors electrodeposited in the present work, a Mn-rich tubular 
structure is formed during deposition in the channels of the PC membrane with an increase of 
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the Fe content toward the upper part (Figure 6.4b and c). In contrast, an Fe-rich region was 
formed as soon as the deposit approached the bulk of the electrolyte and the deposit grew 
outside the template. It allows to distinguish which is the growth direction of the T-micromotors 
observed in Figure 6.3a. In the case of the M-micromotor, an Fe-rich hollow hemisphere (“cap”) 
is formed with a composition similar to that of the 100:1+gly film (see Figure 5.7 in chapter 5) 
which indicates a “bulk behaviour” of the electrodeposition process. An interesting feature is 
the preferential growth of Mn-rich regions throughout the PC channels, considering that the 
hardest challenge in FeMn electrodeposition is the incorporation of large amounts of Mn in the 
deposits, as explained in section 2.2.2. A reasonable explanation is related to the bath 
formulation; namely, the concentration of Mn2+ ions is hundred times higher than that of Fe2+ 
ions, the relatively negative electrochemical potential applied and the large current density at 
the membrane/electrode interface as a consequence of the gold deposited on the pore walls. 
Subsequently, Fe2+ species are swiftly depleted within the channel. TEM cross-section image 
of the M-micromotors is presented in Figure 6.4d, in which a clearly hollow structure can be 
observed.  
The structure of the M-micromotors was characterized by XRD. The corresponding X-ray 
diffractogram of the structures before the PC removal is depicted in Figure 6.5a, which shows 
a mixture of α-iron (α-Fe), α-manganese (α-Mn) magnetite (Fe3O4), manganese (IV) ferrite 
(MnFe2O4) and manganese (IV) oxide (MnO2).  
 
Figure 6.5 a) XRD pattern in the 20°-90° 2θ region of the as-deposited M-micromotors. b) RT magnetic 
hysteresis loops in-plane (red arrow) and out-of-plane (black arrow) of the as-deposited M-
micromotors. 
The oxidation reactions experienced by α-Fe and α-Mn that the XRD results reveal present in 
the as-deposited M-micromotors can experience oxidation reactions when they remain in 
contact with the aqueous-based electrolyte (see Pourbaix Diagrams in Figure 2.7 in chapter 2) 
soon after electrodeposition can explain the presence of the oxidized species (eq. 6.1 to 6.7, 
[67][138]). 
Fe + 2H2O → Fe(OH)2 + H2                                                 (6.1) 
3Fe(OH)2 → Fe3O4 + 4H2O                                                 (6.2) 
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Mn + 2H2O → Mn(OH)2 + H2                                               (6.3) 
Mn + H2O → MnO + H2                                                   (6.4) 
Mn(OH)2 → MnO2 + H2                                                  (6.5) 
Mn2+ + 2Fe(OH)2 → MnFe2O4 + H2 + 2H
+                                    (6.6)   
2Fe3O4 + 3MnO → 3MnFe2O4                                          (6.7)                                   
In addition, Fe and Mn are highly reactive elements which can be oxidized in contact with the 
oxygen and the moisture present in the air, thereby forming oxidized species as revealed by 
XRD analysis. Far from being considered an inconvenient, the presence of MnO2, with catalytic 
activity, endows the micromotors propulsion properties. In addition, Fe3O4 and MnFe2O4 are 
ferrimagnetic compounds that offers the possibility to control the directionality of their 
movement. In order to analyse their magnetic behaviour, the M-micromotors were 
characterized by VSM and the resulting hysteresis loops are shown in Figure 6.5b. The M-
micromotors exhibited a ferromagnetic behaviour, which is due to the presence of metallic iron, 
and the ferrimagnetic Fe3O4 and MnFe2O4. However, no significant differences were revealed 
between the hysteresis loops recorded when applying the magnetic field parallel (in plane) and 
perpendicular (out-of-plane) to the longitudinal axis of the M-micromotors. Similar values of 
saturation magnetization and coercitivity were detected. Therefore, the M-micromotors do not 
show magnetic shape anisotropy. 
Once the presence of the catalytically active MnO2 was determined and the magnetic nature 
of the M-micromotors thanks to the presence of Fe3O4 and MnFe2O4 were proven, the 
propulsion performance of these micromotors was analysed and it is presented in the following 
section of this chapter, together with the T-micromotors. 
6.3 PROPULSION PERFORMANCE 
Recently, several investigations have shown that providing micro- and nanoswimmers with 
more than one motility engine can be certainly advantageous, specially to achieve an 
advanced motion control [132]. This is obvious for chemically propelled micromotors that swim 
randomly. Incorporating magnetic elements in catalytic mobile platforms allow for controllable 
steerability and enhanced functionality. Figure 6.6 shows a schematic drawing of the hybrid 
dual-engine micromotor (M-micromotor), one of the shapes that was designed in the present 
work. The Mn-rich region of the T-micromotors and M-micromotors, which is mainly consists 
of MnO2 acts as the catalytic propulsion engine. On the other side, the Fe-rich region (“cap” 
and the upper region of the tubular part of the M-micromotor; only the upper region of the T-
micromotor), where Fe is mostly in the form of Fe3O4 acts as the magnetically actuated steering 
wheel. Both elements Mn and Fe are also found forming MnFe2O4, which contributes to the 
catalytic propulsion and the magnetically actuated steering. 
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Figure 6.6 Schematic drawing of the magnetocatalytic hybrid M-micromotor electrodeposited in the 
present work. 
The propulsion performance of these electrochemically prepared hybrid micromotors was 
studied in the presence of H2O2 fuel with Triton-X as a surfactant. A magnetic field of 23.5 mT 
was used for the magnetic guidance of the motors. As the T-micromotors also exhibited a 
graded composition, the propulsion performance was examined not only for the M-micromotors 
but also for the T-micromotors. First, a rotating magnetic field of 23.5 mT was applied when 
the T-micromotors were suspended in water solution without the addition of fuel. Figure 6.7 
show the time-lapse images extracted from the recorded videos when a rotating magnetic field 
was applied.  
 
Figure 6.7 Time-lapse images during the application of a rotating magnetic field (23.5 mT) to a T-
micromotor in aqueous media. 
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The T-micromotor aligned with its long axis parallel to the magnetic field showing that the tubes 
exhibit magnetic shape anisotropy. The application of the magnetic field generates a torque 
on the swimmer as defined by  
τ⃗ M  =  μ0νM⃗⃗⃗  ×  H⃗⃗ = νM⃗⃗⃗ × B⃗                                                 (6.8) 
Where μ0 is the magnetic susceptibility of the free space, ν belongs to the volume of the 
magnetic object, M is the magnetization of the micromotor, H is the magnetic field strength and 
B is the external magnetic field, resulting in the observed alignment. 
Next, a solution of 3.5 vol.% H2O2 with 0.5 wt.% Triton-X was added to the aqueous media 
where the T-micromotors were placed while applying a rotating magnetic field. The catalytic 
activity of the swimmers was immediately observed. Ejection of bubbles caused the swimmers 
to propel randomly. After some seconds the T-micromotor was back to the initial rotating 
movement that together with the bubble propulsion leads to a circular trajectory (t=10s in 
Figure 6.8). 
 
Figure 6.8 (Top) Schemes corresponding to the stages of the experiment, designed as 1 and 2 in the 
(down) time-lapse images obtained by optical microscopy of a T-micromotor in the fuel 
solution containing 3.5 vol.% H2O2 with 0.5 wt.% Triton-X and a rotating and fixed applied 
magnetic field of 23.5 mT. 
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However, the force induced by the detachment of the bubbles was higher than the magnetic 
torque and the T-micromotor could not be hold in its position. Only when the direction of the 
applied magnetic field was fixed to a determined direction (indicated by number 2 in Figure 
6.8), the T-micromotor was able to follow the magnetic field direction. All the time-lapse images 
of the propulsion at different stages of the described propulsion experiment can be seen in 
Figure 6.8 with two schemes corresponding to the changes indicated by number 1 and 2. The 
T-micromotors showed a good propulsion performance. However, their directionality was 
hardly controlled by the application of a magnetic field. On the other hand, the M-micromotors 
demonstrated a better performance related to the directionally control at the same hydrogen 
peroxide concentrations (3.5 vol.% H2O2), which will be detailed in the following. 
The time-lapse images corresponding to the propulsion performance of M-micromotors when 
the direction of the magnetic field is changed is depicted in Figure 6.9a.  
 
Figure 6.9 a) Time-lapse images of a M-micromotor propulsion performance and b) schematic 
description of a two-engine M-micromotor motion in the fuel solution containing 3.5 vol.% 
H2O2 and 0.5 wt.% Triton-X when a magnetic field of 23.5 mT is applied for steering. 
As observed in the case of the T-micromotors, immediately after adding the H2O2-containing 
solution to the media containing the M-micromotors, the catalytic decomposition of H2O2 
started causing the bubble-mediated propulsion of the M-micromotors. At the same time that 
the fuel was added, the magnetic field direction was fixed, thus controlling the directionality of 
the swimmer. Similar to the T-micromotors, M-micromotors axis were aligned with their long 
axis parallel to the magnetic field direction. Note that the hysteresis loops represented in Figure 
6.5b did not show an obvious preferential magnetization along the axis of the M-micromotors. 
However, the alignment of the M-micromotors axis along the magnetic field reveals that the 
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Fe-rich region in the tubular part of those micromotors maybe plays an important role in the 
alignment. Hence, it demonstrates not only a bubble-propelled motion of the micromotors but 
also their wireless modulated trajectory by the application of an external magnetic field. Figure 
6.9b shows schematically the catalytic/magnetic hybrid motion of the M-micromotors. 
The average calculated speed of these M-micromotors resulted in 356±56 µm/s. Occasionally, 
the M-micromotors decelerated as they reached the air-solution interface in the experimental 
pool, but they recovered their initial speed after some seconds. The performance in terms of 
steerability was improved respect to that of T-micromotors, which is mainly attributed to higher 
amount of magnetic materials in the micromotor “cap”. Note that the magnetic torque is directly 
proportional to the magnetic volume of the object (see eq. 6.8). 
Figure 6.10a shows a M-micromotor during its propulsion by the bubbles produced as a 
consequence of the catalytic decomposition of the H2O2 (see also the schema in Figure 6.10b). 
It can be observed that motion mechanism is clearly bubble propulsion. Interestingly, the 
bubbles are ejected from the side of the “cap” part of the M-micromotors. The formation of the 
bubbles is either not observed at the surface of the M-micromotor. These observations can be 
explained by the higher surface that the “cap” presents and therefore, a more favorable site 
for the bubble production due to a lower energy. We conjecture that bubbles on the surface 
corresponding to the MnO2-rich tubular part of the M-micromotor are not observed, probably 
due to a preferential oxidation of the Fe present in the surface. In addition, MnFe2O4 is mostly 
present in the “cap” part of the M-micromotor and would also contribute to the catalytic 
production of the O2 bubbles. 
 
Figure 6.10 a) Bubble formation at the “cap” region of the M-micromotor when the catalytic 
decomposition of the H2O2 takes place. b) Schematic draw of the M-micromotors 
propulsion during when a magnetic field is applied.  
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It has been proven hat electrodeposition is a suitable technique to fabricate two-engine 
micromotors exploiting the confinement effect which results in compositional gradients with a 
Mn-rich and Fe-rich regions and tubular or mushroom-like shape. 
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7 CONCLUSIONS AND OUTLOOK 
7.1 CONCLUSIONS 
The aim of this work was to investigate the feasibility of the electrodeposition of FeMn-based 
layers from green sulphate-based aqueous electrolytes with and without additives, as well as 
to assess the impact of the electrodeposition parameters on the structural, morphological and 
magnetic properties of the obtained layers. This comprised also the development of an 
experimental set-up that fulfils the appropriate conditions and the optimization of the 
electrolytes following a sustainable approach. With view to the possible use towards (bio-) 
degradable application of FeMn layers, their corrosion behaviour in chloride-containing 
solutions and their cytotoxicity were also evaluated. 
Fe electrodeposition is a well-known procedure that has been deeply studied by many authors. 
However, in order to adjust the parameters of Fe electrodeposition with the intention to 
synthesize FeMn layers, in the present work, the effects of FeSO4 and (NH4)2SO4 were studied 
by potentiodynamic measurements. An increase in the FeSO4 concentration leads to an 
increase of the overall cathodic current density level as well as of the current density of the 
subsequent anodic dissolution peaks, which indicates that an increase of the metallic salt 
precursor concentration only increases the deposited mass. However, an increase in the 
concentration of (NH4)2SO4 from 0.5 M to 1.5 M enhanced the HER as consequence of the 
additional protons provided by the NH4+ ion. This provoked the appearance of cracks, an 
inhomogeneous surface appearance and a decrease of the Fe deposition efficiency. Finally, 
from these findings an optimized concentration range between 0.5 and 1 M of (NH4)2SO4 was 
derived to obtain a good compromise between the layers quality and the efficiency of the 
process. The concentration of FeSO4 was set to 0.01 M in order to maintain it lower than the 
MnSO4 concentration and to follow the design approach of the electrolyte based on maintaining 
the concentration of the less noble metal higher than the one of the more noble metal.  
The electrodeposition of the second element, Mn, of the targeted alloy in this work was more 
challenging to handle and a deeper analysis of the electrolyte and the effect of its components 
and the electrodeposition conditions needed to be evaluated. The design electrolyte for these 
experiments contains: 0.05 M MnSO4, 0.3 M H3BO3 and 0.5-1 M (NH4)2SO4. This specific 
concentration of MnSO4 was selected regarding the aim of this work of obtaining 
electrodeposited FeMn layers, therefore a five times higher concentration of MnSO4 in 
comparison with the previous optimised concentration of FeSO4 was selected and maintained. 
The recorded CVs revealed that (NH4)2SO4 and H3BO3 have a crucial role in the MnSO4-based 
electrolyte and are essential for the electrodeposition of Mn. H3BO3 did not only act as an 
additive to buffer the pH value of the electrolyte but also enhances the Mn discharge and shifts 
the reduction potential of Mn to less negative values. On the other hand, literature reported the 
important role of (NH4)2SO4 to the Mn reduction through Mn-NH3 complexes [2][61]. Here, we 
confirmed the conclusions from previous studies supported by MEDUSA® calculations and the 
increase of the overpotential for the Mn reduction (reduction potential is shifted to more 
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negative potential values) is also reported. An appropriate potential range for the 
electrodeposition was fixed between -2.4 and -2.6 VMSE from the results obtained from the CV 
and EQCM measurements, in which the Mn electrodeposition is charge-transfer controlled and 
yields a remarkable thickness increase of the metallic Mn deposits. H3BO3 yielded appropriate 
mechanical stability of the layers, avoiding their disintegration and also the important role of 
(NH4)2SO4 to obtain good quality deposits that previous studies suggested was confirmed. In 
addition, the impact of the (NH4)2SO4 concentration towards the morphology, chemical 
composition and structure refinement was revealed. Depth profiles by means of GD-OES and 
XPS analyses confirmed that metallic Mn layers can be synthesized from the designed 
electrolyte. However, they were all covered by a porous and oxidized layer which was 
attributed to the scenario at the last period of the electrodeposition process. At this stage, when 
the potential was switched off, the deposits remained in contact with the electrolyte and they 
are oxidized as a consequence of the high chemical reactivity of the metallic Mn, independently 
of the concentrations of the electrolyte components. SEM revealed an increase of the surface 
roughness when the (NH4)2SO4 concentration was increased, which is a consequence of the 
enhanced HER due to the presence of the NH4+ ion. Also, electrolytes with a low concentration 
of (NH4)2SO4 produced thinner layers. This confirms the important and crucial role of the Mn-
NH3 complexes formation, a decrease of the NH4+ leads to a smaller fraction of the complexes 
formation and therefore, to a lower Mn deposition rate. Furthermore, a low concentration of 
(NH4)2SO4 yields the incorporation of B in the chemical composition of the films especially in 
the surface due to its possible adsorption onto the cathode surface [78]. The incorporation of 
B into the films decreased their quality and does not follow the restriction to develop a 
sustainable route to obtain Mn layers. 1 M of (NH4)2SO4 leads to better quality of Mn films: 
higher thickness, without impurities and with a better crystalline α-Mn phase. For the Mn 
electrodeposition process, the realization of a continuous electrolyte flow in the cathodic 
compartment of the electrolytic cell for controlling the pH value during deposition at quite 
negative potentials was found to be essential for achieving good layer qualities. It supresses 
the formation of precipitates and maintains the electrolyte in the initial stage constantly. 
Altogether, the potentiostatic electrodeposition of metallic Mn layers from environmentally 
friendly sulphate-based aqueous electrolytes containing (NH4)2SO4 and H3BO3 with a pH 3 was 
successfully conducted and the (NH4)2SO4 concentration was optimized to 1 M. 
The results obtained from the electrodeposition of single layers of Fe and Mn allowed the 
design of the experiments to synthesize FeMn layers. Those electrodeposited FeMn layers 
were compared with a set of co-sputtered FeMn films in order to have a better evaluation of 
their structural and chemical nature and their resulting functional properties. The electrolytes 
used to perform this study contain: FeSO4, MnSO4, (NH4)2SO4, H3BO3 and without & with 
glycine as a complexing agent. The CVs revealed that it is possible to distinguish if the bath 
containing different ratios of metal ions can be used to produce metallic or oxide-based films 
mainly by analysing the anodic oxidation peaks occurring after cathodic pre-polarization. Two 
different ratios of metal ions, [Mn2+]:[Fe2+] were used in this work: 5:1 and 100:1. Electrolytes 
containing a ratio of 5:1 are those that can produce metallic films. The CVs recorded in these 
electrolytes (5:1, 5:1+gly named in this work) showed two peaks at the values -1.2 VMSE and  
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-0.85 VMSE, which correspond to the Fe and FeMn phase dissolution, respectively. While 
electrolytes that produce oxide-based films (100:1, 100:1+gly named in this work) showed the 
oxidation peaks corresponding to the electro/chemical dissolution of Mn and Mn oxides, at         
-1.70 VMSE, and of Fe-based compounds, at -1.28 VMSE. The ratio of the metal ions and the 
glycine present in the electrolytic bath determined the layer composition, ranging from 9 to 24 
wt.% of Mn and O incorporation for electrolytes containing a high amount of Mn2+ ions (100:1 
and 100:1+gly), of the electrodeposited layers. The increase of the Mn content was possible 
due to the presence of glycine as a complexing agent which affects to the thermodynamic 
distribution of complexes formation that was calculated by MEDUSA®. Therefore, the formation 
of the complexes Fe(gly)+ and Mn(gly)+ modifies the Fe and Mn reduction/deposition rate by 
stablishing a new reduction step through the glycine-complexes. From the CVs measurements, 
a deposition potential range between -1.9 VMSE and -2.2 VMSE, and electrodeposition 
experiments were performed at -2.2 VMSE as applied potential. 
The surface morphology was observed by SEM, which revealed that the morphology was 
affected by the metal ion ration as well as by the presence of the glycine in the electrolyte. 
Electrolytes with a ratio of 5:1 yield to films with a granular morphology while the ratio 100:1 
yields to films with a smoother surface and without a defined morphology. The difference in 
the morphology between the two metal ion ratios in the glycine-free electrolytes is due to the 
chemical nature of the deposits: 5:1 deposits are metallic while 100:1 deposits are oxide based. 
In addition, when glycine was added to the bath, smoother deposit surfaces and presence of 
less cracks were observed. This is due to the enhancement of the hydrogen bubbles release 
by the glycine due to the increase of the HER rate. Morphology of the co-sputtered FeMn films 
is smoother than for the electrodeposited films. In addition, they are more compact and denser 
and the composition change does not affect their morphology. Regarding the film thickness, 
electrodeposition can achieve up to 2 µm while magnetron co-sputtered films are limited up to 
500 nm. As already evident, the used synthesis technique strongly defined the properties of 
the films. In case of electrodeposition a Mn content varying from 9 to 24 wt.% was achieved, 
the latter being the maximum reached in this work by using environmentally friendly aqueous 
sulphate glycine-containing baths. On the other hand, magnetron co-sputtering synthesis 
allowed to obtain a broad and good controlled range of Mn content of the films, between 10 
and 70 wt.% by modifying the power applied to the cathodes. The electrodeposited and co-
sputtered FeMn layers show an enrichment of Fe in the surface, which is more remarkable for 
the electrodeposited films due to the deposition conditions in an aqueous media, and a 
homogeneous distribution of all the elements across the films was revealed by GD-OES. The 
produced metallic films by electrodeposition that contain a low Mn content (< 11 wt.%) showed 
a crystalline structure of Fe-bcc where Mn is found forming Fe0.8Mn0.2 phase. Whereas when 
the Mn content increased, also a higher O content in the deposit composition was detected 
indicating a more oxidic nature. The structure changed to nanocrystallites being distributed in 
an amorphous matrix consisting of oxides (MnO and (FeO)0.798(MnO)0.202). Films prepared by 
magnetron co-sputtering showed a metallic nature and a well-defined bcc symmetry of the 
crystal structure that changed to lower symmetry with the increase of Mn content from Im-3m 
to I-43m.  
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VSM measurements revealed that all prepared layers had a soft magnetic nature, which has 
a high importance to avoid damages provoked by magnetically-induced heating if the materials 
are applied for medical purposes [15]. For co-sputtered deposits, the symmetry change of the 
crystalline structure due to the increase of the Mn content was also reflected in the shape of 
the hysteresis curves and an increase of one order of magnitude was observed for the 
coercivity values (2.5 mT for the Fe10Mn films and 25 mT for Fe70Mn) and a higher saturation 
magnetization was measured for the Fe rich films. This is due the antiferromagnetic nature of 
Mn, that partially supresses the magnetic behaviour of Fe. Electrodeposited films obtained 
from the electrolyte 5:1 are comparable to the co-sputtered films that possess a low Mn content 
due to their same crystalline structure and symmetry. The electrodeposited films 5:1 showed 
a higher magnetic saturation that the sputtered films with the same Mn content, Fe10Mn, which 
is explained by the presence of magnetite (Fe3O4) in the electrodeposited films. 
Electrodeposited films deposited from different electrolytes also showed differences in the 
hysteresis curves. The films electrodeposited from electrolytes containing a ratio of metal ions 
of 100:1 presented a low saturation magnetization, due to the oxides in its structure which are 
not magnetic. The corrosion behaviour of the FeMn films was studied by electrochemical 
polarization measurements in NaCl solutions (pH 7.6). The results revealed an active 
dissolution of the films, either electrodeposited or sputtered, for different Mn contents and 
different NaCl concentrations. An increase of the Mn content in the sputtered films leads to an 
increase of the corrosion potential which is attributed to the high chemical reactivity of Mn and 
the structural change of the films observed also with the increase of the Mn content. 
Electrodeposited films also showed an active dissolution but they act differently than the 
sputtered films. Their corrosion potential remains in a less negative range due to the partially 
oxidized surface. Cytotoxicity tests showed significant biocompatible characteristics of the 
sputtered films, even for the Mn-richest films (Fe70Mn), which is the reported element that 
provokes the toxicity [127]. Nevertheless, electrodeposited layers presented a high toxic effect 
which is observed after three days of immersion in the cell culture. The toxicity may be 
attributed to the films characteristics due to the electrodeposition synthesis: the presence of 
Mn oxides and S. This work could pave the way for FeMn films preparation with biocompatible 
characteristics through low-cost and environmentally friendly techniques and, therefore, being 
a possible alternative to the use of polymers towards (bio-)degradable parts of transient 
devices. 
Furthermore, template-assisted electrodeposition to obtain microrobots was studied. The 
effect of the electrolyte composition and the applied potential was studied in 400 nm pore 
diameter polycarbonate (PC) membrane. Two of the electrolytes optimized for the 
electrodeposition of FeMn films were applied for these studies: 5:1+gly and 100:1+gly. 5:1+gly 
electrolyte produced Fe-based wires, while 100:1+gly produced Mn-based wires. To study the 
effect of the potential, 100:1+gly was used to obtain Mn-rich structures, and the results 
revealed a variation on the composition with the applied potential, which was not observed in 
the electrodeposition of the films. Wire-shaped structures were obtained in this PC membrane 
and a similar length was observed in all, suggesting a mass-controlled electrodeposition 
process. Therefore, -2.3 VMSE was selected as optimal applied potential due to the good ratio 
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of Fe:Mn in their composition and the lack of disintegration when they were released of the 
polymeric templates. 5 µm PC templates were used as substitute of the 400 nm pore diameter 
template to obtain two-engines micromachines with tubular- and micromushroom- shape, 
which, the latter shape, is a consequence of the overplating of the template. 
Two-engine microrobots were successfully synthesized exploiting the confinement effect which 
results in a graded composition with Mn-rich and Fe-rich regions. The graded composition 
entitled these micromachines of a dual control due to the presence of two properties: i) their 
catalytic activity for H2O2 decomposition due to the presence of MnO2 and ii) magnetic nature 
due to the presence of Fe3O4 and MnFe2O4. This scarcely exploited phenomenon allowed in 
this work to develop a facile one-step template-assisted cathodic electrodeposition process, 
avoiding in this manner the need of using high temperature assisted processes or more than 
one electrolyte. The micromushroom-shape micromotors showed a competitive speed in 
relation with previously reported micromachines and, in addition, it can avoid the 
disadvantages that noble metals based micromotors present such as costly price or surface 
poisoning when they are placed in bio-environments [27][137]. Therefore, the micromotors 
obtained in this work might be a suitable alternative to noble metal based micromotors for i.e. 
environmental healing applications. 
7.2 OUTLOOK 
Regarding the electrodeposition process, future work should include the study to additive-free 
pulsed electrodeposition in order to analyse the increase of the Mn content, which would 
increase the “green” character of the process. Furthermore, both methods can be combined 
to improve the film growth via electrodeposition by using a thin seed layer obtained by 
magnetron co-sputtering. This method may increase the quality of the electrodeposited films 
and improve their properties. In addition, further investigations on the mechanical properties 
and performance of the FeMn films in order to analyse the possible substitution of the 
polymeric materials will be suitable. In the present work, first cell biology tests analysis was 
performed as a first step to analyse the biocompatible characteristics of the FeMn films. 
Especially for the case of the sputtered films which show positive results, further analysis of 
the cell growth in the presence of the material should be performed.  
On the other hand, the hybrid micromotors obtained in this study showed good catalytic 
properties and magnetic steering. Typically in this field, analysis of the speed in presence of 
different concentration of H2O2 is performed, which usually follows the trend of an increase of 
the speed when the concentration of H2O2 is increased, and vice versa. Beyond that, in further 
work their performance in presence of organic contaminants (e.g. dyes) should be investigated 
and their possible application for environmental healing analysed.  
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APPENDIX 
APPENDIX I 
Chemical equilibrium diagram by free software MEDUSA® (Make Equilibrium Diagrams Using 
Sophisticated Algorithms) [139][140][141]. 
MEDUSA® is a Windows interface to the MS-DOS programs INPUT-SED-PREDOM which 
performs the calculations needed to create chemical equilibrium diagrams based on equilibrium 
constants retrieved from a database. HYDRA is the database manager. INPUT-SED-PREDOM 
are a collection of programs which can draw chemical equilibrium diagrams. They are the 
calculation machine behind MEDUSA®: 
- SED: creates fraction, logarithmic and solubility diagrams. 
- PREDOM: creates predominance area diagrams (i.e. Pourbaix diagrams) 
- INPUT: make new data-files, editing, merging, etc. Now MEDUSA is used instead since 
INPUT is obsolete.  
HYDRA is a database inspired on the CEC program and database (for MS-DOS) created by Dr. 
M. Wang and Prof. M. Muhammed from Materials Chemistry, KTH in Stockholm. It consists of two 
files: 
- An element-file with the information related to which components should be listed under a 
given chemical element. 
- A logK-file which includes stoichiometry and logK0 values at 25°C for reactions (different 
sources of equilibrium constants such as IUPAC Stability Constant Database, are included 
in the program). 
Addition, removal, change and creation of data are possible in the program. In the present work 
however, none of these option were needed. All the chemical species are well known and data 
can be found in the included database of the software. The chemical equilibrium compositions 
are calculated with the HALTAFALL [142] algorithm (for PREDOM) and the SOLGASWATER 
[143] algorithm (SED and PREDOM2). 
Four types of chemical equilibria are included in the calculations: precipitation, acid-base, 
coordination and redox equilibrium.  
Two different types of diagrams have been used in the present work: potential-pH diagrams and 
complex distribution diagrams (fraction of chemical species vs. pH). 
Potential-pH diagrams: these graphs have been obtained by PREDOM2, which is more powerful 
than PREDOM. This program calculates and draws predominance area diagrams. To perform the 
calculation, PREDOM uses a point to point technique, which is slow, and has a plot resolution 
that depends on the interval between points. The concentration area to be studied is divided in 
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200 steps in each axis, giving a grid of 40000 chemical compositions to solve (this parameters 
can be changed in the program, those presented here have been chosen to have the most 
accurate calculations possible). For every point in the grid, the mass-balance equations are 
solved (the total concentration of at least one of the components must be introduced) by the 
HALTAFALL algorithm,[142] and then the species distribution is determined. PREDOM2 uses 
instead the SOLGASWATER algorithm, which is more adequate for complex chemical 
systems.[143] 
Complex distribution diagrams: these graphs are obtained by SED, a modified version of the 
SOLGASWATER computer program for student use. This program can generate fraction, 
logarithmic and solubility diagrams. Calculated values of pH and redox potential can also be 
plotted. In these diagrams, the calculated concentrations are plotted as a function of the following 
variables: pH, redox potential or a total concentration. Limits: the number of chemical components 
must be equal or smaller than 20; the total number of chemical species equal or lower than 300; 
and the number of solids equal or lower than 30.  
 
Considered chemical equilibriums for determination of the complex distribution calculated 
by MEDUSA® software: 
 Acid/base equilibrium of boric acid (H3BO3): 
H3BO3 ⇌ H2BO3
− + H+ 
2H3BO3 ⇌ H5B2O6
− + H+ 
3H3BO3 ⇌ H4B3O7
− + H+ + 2H2O 
4H3BO3 ⇌ H4B4O9
2− + 2H+ + 3H2O 
 Acid/base equilibrium of ammonia (NH3): 
NH4
+ ⇌ NH3 + H
+ 
 Acid/base equilibrium of glycine (Hgly, C2H5NO2): 
H2gly
+ ⇌ H+ + Hgly 
Hgly ⇌ H+ + gly− 
 Manganese in aqueous media: 
         Mn2+ + OH− ⇌ MnOH+ 
        Mn2+ + 2OH− ⇌ Mn(OH)2(aq)    
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        Mn2+ + 3OH− ⇌ Mn(OH)3
−    
            Mn2+ + 4OH− ⇌ Mn(OH)4
2−     
           2Mn2+ + 3OH− ⇌ Mn2(OH)3
+ 
 Manganese with ammonia: 
Mn2+ + NH3 ⇌ Mn(NH3)
2+ 
Mn2+ + 2NH3 ⇌ Mn(NH3)2
2+ 
Mn2+ + 3NH3 ⇌ Mn(NH3)3
2+ 
Mn2+ + 4NH3 ⇌ Mn(NH3)4
2+ 
 Manganese with glycine: 
Mn2+ + gly− ⇌ Mn(gly)+ 
Mn(gly)+ + gly− ⇌ Mn(gly)2 
 Iron in aqueous media 
Fe2+ + OH− ⇌ FeOH+ 
Fe2+ + 2OH− ⇌ Fe(OH)2(aq) 
Fe2+ + 3OH− ⇌ Fe(OH)3
− 
Fe2+ + 4OH− ⇌ Fe(OH)4
2− 
 Iron with ammonia: 
Fe2+ + NH3 ⇌ Fe(NH3)
2+ 
Fe2+ + 2NH3 ⇌ Fe(NH3)2
2+ 
Fe2+ + 3NH3 ⇌ Fe(NH3)3
2+ 
Fe2+ + 4NH3 ⇌ Fe(NH3)4
2+ 
 Iron with glycine 
Fe2+ + gly− ⇌ Fe(gly)+ 
Fe(gly)+ + gly− ⇌ Fe(gly)2 
Fe(gly)2 + gly
− ⇌ Fe(gly)3
− 
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Notes: 
1Sulphate species have been left out of the calculations to simplify the resulting graphical 
representation of the complex distribution. Only the compounds FeSO4 and MnSO4 are relevant 
for these calculations and they are not electroactive species during the electrodeposition process. 
The equilibria related to FeSO4 and MnSO4 only change the available metal ion concentration 
available to form the possible species indicated in the equilibria described above and no further 
effect was observed in the preliminary results, which are not shown in this work. 
2Also the formation of solid compounds have been left out of the thermodynamic calculations by 
MEDUSA® in order to analyse the studied effects of the electrolyte composition in solution.  
3Additionally, the ionic strength was included in the calculations. The ionic strength (I) measure 
the concentration of ions in the solution and the formation constant of the complexes depends 
directly of the ionic strength. The thermodynamic constant (K0) of an equilibrium of a complex 
formation 
M + L ⇌ ML 
where M is the metal, L the ligand and ML the complex, is expressed as follow, 
K0 =
aML
aMaL
 
where a is the activity of the different chemical species, M, L and ML. Likewise, the activity is 
given by the following equation, 
𝑎 = 𝑐 · 𝐼 
where c is the concentration in M of the chemical specie and I the ionic strength. Therefore, the 
thermodynamic constant of a complex formation can be also expressed as 
K0 =
[cML]
[cM][cL]
·
IML
IMIL
 
The ionic strength of the electrolyte used in this work was calculate following the equation 
I =
1
2
∑cizi
2 
where c is the concentration of the chemical specie and z is the charge of the same chemical 
specie. The results obtained were: 
- Electrolyte 5:1+gly: 4.73 M 
- Electrolyte 100:1+gly: 6.52 M 
In both electrolytes the value of the ionic strength can be considered high therefore, it need to be 
considered in the calculations regarding the complexes distribution in MEDUSA®.  
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APPENDIX II 
 
A. 2 Pourbaix diagrams: a) Mn/H2O system, ([Mn2+] = 0.5 M) and b) Fe/H2O system ([Fe2+] = 0.005 M) at 
25°C calculated by MEDUSA® software (see Appendix I). Number of calculation steps in each axis: 200; 
Total number of calculations in PREDOM: 40000. Green dotted lines: a - 1/2O2+2H++2e-→H2O, b - 
2H++2e-→H2. 
 
Electrode potential values extracted from the calculated Pourbaix diagrams shown above: 
Electrode potential Mn2+/Mn: -1.22 VSHE 
Electrode potential Fe2+/Fe: -0.56 VSHE 
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APPENDIX III 
 
A. 3 Pourbaix diagram of Mn/H2O/NH3 system, [Mn2+] = 0.05 M, [NH3] = 1 M (I = 3 mol/L) at 25°C calculated 
by MEDUSA software (see Appendix I). Number of calculation steps in each axis: 200; Total number 
of calculations in PREDOM: 40000. Green dotted lines: a - 1/2O2+2H++2e-→H2O, b - 2H++2e-→H2.  
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APPENDIX IV 
 
A. 4 XPS spectra of B 1s of Mn films electrodeposited at -2.6 VMSE in the electrolyte D (1 M (NH4)2SO4) 
and electrolyte E (0.5 M (NH4)2SO4). 
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APPENDIX V 
Effect of the applied potential value on the film thickness and morphology. 
 
A. 5 GD-OES depth profiles of electrodeposited films in the electroylte 5:1 obtained at different applied 
potentials. Emission lines: Mn 403 nm, Fe 371 nm, O 130 nm and Si 288 nm.  
 
A. 6 Surface SEM images of electrodeposited films in the electrolyte 5:1 at different applied potentials. 
These films correspond to the GD-OES depth profiles presented above. 
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APPENDIX VI 
Lattice parameters and phase concentration extracted from Rietveld refinement. 
Sample 
Im-3m I-43m 
a (Å) Phase % a (Å) Phase % 
Fe10Mn 2.872±0.0001 100 n/a 0.0 
Fe25Mn 2.876±0.0006 22.8 8.770±0.0018 77.2 
Fe34Mn 2.872±0.0006 9.7 8.868±0.0019 90.3 
Fe46Mn n/a 0.0 8.812±0.0002 100 
Fe70Mn n/a 0.0 8.892±0.0032 100 
 
 
Overview of the two structures found in the FeMn films: a) Im-3m and b) I-43m. Pink color of the dots 
represent the probability to find a Mn atom in that position. Gold color represent the probability to find an 
Fe atom in that position.  
Lattice parameters for the pure metals: 
Fe (Im-3m): a = 2.886 Å – (H. E. Swanson et al. National Bureau of Standards Circular 
(U.S.) 539 (1995) p1-p75) 
Mn (I-43m): a = 8.911 Å – (J. A. Obersteuffer et al. Acta Crystallographica, Section B: 
Structural Crystallography and Crystal Chemistry 26 (1970) p1499-p1504) 
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